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ABSTRACT 

Fiedler, Callie Irene (Ph.D., Electrical, Computer, and Energy Engineering) 
Characterization of the properties of photopatterned hydrogels for use in regenerative 
medicine 

Thesis directed by Professor Robert R. McLeod 

   
 The goal of this thesis was to locally photopattern cytocompatible hydrogels to exhibit a 

wide range of mechanical properties and to probe the fundamental parameters governing these 

materials printed via stereolithography (SLA). Fabricating cell-laden structures with locally 

defined mechanical properties is non-trivial because the use of multiple precursor materials is 

wasteful, slow, and can lead to cell-death. To investigate the range of mechanical properties a 

single precursor solution can produce, a single-network hydrogel was initially formed and 

cyclically in- swelled fresh precursor solution followed by photo-exposure of the swollen gel 

(“swelling + exposure” or SE cycle). Because transport (i.e., diffusion and swelling) can occur 

on the same time scale as photopolymerization reaction kinetics, the variable modulus hydrogels 

were first characterized in bulk to isolate the reaction kinetics.  These experiments demonstrated 

the ability modify the mechanical and chemical (i.e., compressive modulus, toughness, crosslink 

density, swelling ratio) properties by up to 10-fold using only 2-4 SE cycles.  

The understanding gained via these bulk experiments was then used to locally 

photopattern the elastic modulus of a cytocompatible hydrogel with pixel-limited resolution 

(~10s µm) employing a custom SLA system. The ability to fabricate hydrogels with a 500% 

elastic moduli increase with respect to the unpatterned hydrogel was then verified using using 

atomic force microscopy. Monomer attachment to the existing matrix was monitored as a 

function of SE cycle using confocal fluorescence microscopy to characterize the shape and size 



  

of printed features. The dependence of these features on material and processing conditions was 

then demonstrated to be explained by a first-order reaction/diffusion model. SLA 3D printed, 

soft, cytocompatible hydrogels (~10s kPa) with ~250 µm channels were then fabricated in 

addition to fabricating 3D printed stiff, cytocompatible hydrogels (39 MPa) both with ~10 µm 

resolution. With this fundamental understanding and demonstration of 3D printed soft, low 

solids-content hydrogels, printed complex and cytocompatible 3D tissue engineering constructs 

are possible. 
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Chapter 1- Introduction 

1.1 Regenerative medicine 

The use of human-derived stem cells to treat diseases and injuries ranging from arthritis to 

paralysis has the potential to revolutionize the medical field. Personalized medical treatments are 

advantageous because they allow drugs to be pre-screened by the patient’s system prior to 

treatment. Specifically, personalized regenerative medicine focuses on understanding how 

biological tissues are formed and maintained in vivo, to restore damaged or diseased tissues.1,2 

One method to understand tissue behavior is to duplicate the physical environment during tissue 

growth, which provides a framework for patient-specific tissue engineering.3 Current research in 

this field concentrates on engineering and recapitulating the mechanical and chemical 

environments that allow cells to develop into useful tissue.  

One such tissue of interest is the bone-cartilage or osteochondral interface. This interface 

covers the ends of bones within the joint and connects the load-bearing bone to the elastic 

articular cartilage that reduces joint friction.4 Cartilage does not have any vasculature and 

therefore cannot fully heal when injured due to insufficient nutrients and regenerative stem-cells. 

Current research explores filling the wound defect with bone-derived, mesenchymal stem cell 

(MSC) laden soft (~10s-100s kPa) hydrogel, but the physical loads sustained by joints are too 

high for the encapsulated cells to differentiate into the ideal, articular cartilage and can reduce 

cell viability due to hydrogel failure.5–8 Stiff hydrogels that can sustain the physiological loads 

similar to native cartilage have also been tested, but the increased crosslinking density is too high 

for MSCs to receive sufficient nutrients, which also leads to cell death.9–11 A variety of 

techniques attempt to recapitulate this region using both soft, MSC-laden material (10s kPa) and 

stiff supporting material (~1MPa) including electro-spun collagen fibers and collagen-based 

microsphere scaffolds onto which cells are seeded.12,13 While these techniques are promising, 

their inability to locally control the mechanical and chemical properties within a structure limits 

their utility.  

3D printing is a promising technique to locally control material deposition of multiple 

materials. Fabricating structures with user-defined mechanical and chemical properties will 

enable patient-specific tissue engineering, which motivates the body of research devoted to 
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biomaterial printing. Next a range of 3D printing techniques are reviewed, focusing on the 

stereolithography system, which is used throughout this work.  

1.2 Three-Dimensional Printing  

3D printing is a promising technology for regenerative medicine because it allows 

customized structures to be fabricated ranging from acellular bone-tissue scaffolding to cell-

laden vascularized hydrogels.14–17 To fabricate structures, this technique uses a computer aided 

design (CAD) of the desired structure to digitally ‘slice’ it into two dimensional (2D) cross-

sections of defined thickness, which are then delivered to the printer to iteratively build a 3D 

structure. A defining feature of 3D printing is the ability to fabricate structures with overhanging 

features, meaning structures like porous bone can be physically duplicated. A variety of printing 

techniques are currently in use for tissue engineering, the three most prominent being selective 

laser sintering (SLS), polymer extrusion or fusion deposition modeling (FDM), and 

stereolithography (SLA).18  

1.2.1 Selective Laser Sintering (SLS) 

Selective Laser Sintering (SLS) solidifies a powder via heat from a scanning focused laser.   

A new layer is printed when the powder bed platform moves down and a recoater arm moves 

fresh material from a powder supply reservoir into the vacant printing region, as shown in  

Figure 1.1. SLS is a useful technique to print structures of stiff (~GPa) material that cannot be 

readily fabricated using traditional techniques (e.g., injection molding is unable to fabricate a 

porous, metal scaffold for bone regeneration).19   Overhanging features are naturally supported 

by the unexposed powder bed.  Conversely, because this technique uses a powder material, 

surface-roughness is dependent on the powder particle size, which leads to part failure in high-

friction environments (e.g., joint structures).12,20,21   Additionally, many biomaterials cannot be 

sintered from powder form. 
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Figure 1.1 Schematic of SLS where a cross-section of the desired 3D structure is sintered in the 
powder bed, the build chamber then moves down, the recoater arm or levelling roller pushes a 
new supply of powder into the chamber for the next cross-section to be sintered. (adapted from 
Verma et al.20). 

1.2.2 Fused Deposition Modeling (FDM)  

FDM is currently the most widely used 3D printing technique in regenerative medicine, so much 

so that the community uses the term ‘inkjet’ or ‘bioprinting’ exclusively for this printing process. 

FDM uses either a series of nozzles or filaments to deposit material onto a substrate from above 

where, again, a 2D section of the 3D structure is built up by scanning the print head (Figure 1.2). 

FDM, also referred to as polymer extrusion, is an appealing technique to fabricate synthetic 

biological tissues due to its ability to print multiple cytocompatible soft materials in a single 

structure.3,22,23 However, to date there have been no structures fabricated with both stiff (~1-100s 

MPa) and soft regions (~10s-100s kPa) in a single print.24 The barrier, which is a focus of this 

work, is that stiff, cytotoxic material diffuses into the soft, hydrated material. 
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Materials in FDM must be shear-thinning to be extruded23. Shear-thinning, thixotropic 

materials behave as a liquid when a force is applied (i.e., as the material is extruded) and then 

behave as a solid when the shearing force is removed.25 This requirement constrains the range of 

useful materials to a subset of liquid polymers and is currently the subject of substantial 

academic and industrial research.17,26,27 The pressure to deposit material can also reduce cell 

viability, therefore the printing speed is constrained by the amount of pressure a given cell line 

can sustain.28 The extrusion nozzle is an additional constraint because it limits the minimum 

feature size and resolution of the printed structure to approximately two-times the tip diameter 

(>10µm).29  

 

Figure 1.2 Schematic of two types of FDM processes, where inkjet utilizes thermal or 
piezoelectric control of material deposition and robotic dispensing requires an external force to 
deposit material through a nozzle-based system (adapted from Malda et al., 201330). 

1.2.3 Stereolithography (SLA) 

SLA was the first demonstration of 3D printing, invented by Chuck Hull in 1983. This 

method uses a photo-curable liquid resin and an exposure source (laser or programmable mask) 

to solidify 2D cross-sections of a desired structure.  Translating the sample stage axially allows 

fresh material to flow into the vacated patterning region, where a new layer is exposed. There are 

currently two techniques to fabricate structures using this technology: laser-scanning SLA and 

projection SLA (Figure 1.3 left and right, respectively).  
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Two-photon laser-scanning SLA employs a laser that scans across the surface of the 

photo-reactive material to produce a cross-section of the desired 3D structure (Figure 1.3). This 

technique can produce high-resolution (~100s nm), small minimum feature size (~100s nm) 

structures by using multi-photon polymerization, where the resin polymerization is constrained 

to the laser focus by two-photon absorption31–34. This technique is advantageous because it does 

not require a recoater arm to move new material into the patterning region due to localized 

polymerization within the resin volume. 

While laser scanning systems can accommodate fabrications that require high spatial 

resolution, because the laser must be scanned across the surface of or within the volume photo-

reactive material to produce a 3D structure printing speed substantially reduced (~10-100X) with 

respect to SLS, FDM, or projection SLA.35 As with laser-scanning SLA, projection SLA 

employs a photo-reactive liquid material to polymerize a 3D structure. However, instead of 

scanning a laser across the surface to produce a cross-section of the 3D structure, projection-

based systems photopattern an entire 2D section in a single step. Not only does this projection 

photopatterning technique reduce printing time by orders of magnitude from laser scanning 

techniques, it also eliminates the additional calibration step required to correlate scanning speed 

to feature width. This is because the radical initiation rate, which is the first step of the 

polymerization process, classically goes as the square-root of incident intensity and therefore the 

speed of printing increases by dividing light into many parallel channels at the same total power, 

e.g., a projector.36 

Most projection-based SLA systems utilize a non-stick window against which the 2D 

projected image slice is polymerized.37 The most commonly used non-stick window for this 

technique is polydimethylsiloxane (PDMS), which serves as an oxygen reservoir that inhibits the 

homo-polymerization process of vinyl species, the most common reactive species in SLA 

resins.38,39 However, this window does not work for all resins because some photo-chemistries 

are not inhibited by oxygen (e.g., thiol-ene click chemistry).40,41 For this reason, alternate SLA 

windows are the topic of current research.42 Other silane-based materials (e.g., RainX) have been 

demonstrated as a nonstick window coatings for oxygen-inert resins, but because structures 

printed with greater than two layers are not reported, more research is required to validate this 

non-stick window use.43 Additionally, some research demonstrates this technique without a 

window, but layer-thickness control is limited to limits 100 ± 20µm.44  
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Figure 1.3 Illustration of SLA laser-scanning and projection systems, where the material is 
fabricated upon a platform and iteratively built by selectively polymerizing regions exposed to 
the desired photopattern (adapted from Billiet et al., 201231). 

Commercial laser-scanning and projection SLA systems shown in Figure 1.3 use a large 

volume of resin that can be prohibitive for expensive materials. Fortunately, this is not a design 

requirement and can be modified to confine the material between the window and sample 

substrate via capillary forces, which requires very little material to fabricate a structure (~100s to 

1000s µL, part-size dependent).45 This modification allows expensive and environment-sensitive 

(e.g., temperature, humidity, etc.) materials to be printed (e.g., cell-laden materials).  

Unlike FDM, printing structures with multiple materials using SLA is difficult because 

all unreacted material must be removed from the part to print a second material. When printing 

hydrogels with high water concentrations (50-95%), this become particularly difficult because 

the second resin will readily diffuse into the first hydrogel structure, reducing the fidelity of the 

printed part. Like FDM, SLA is thus similarly unable to print both stiff and soft, cell-laden 

materials because diffusion of stiff precursor solution into the hydrogel network will lead to cell-

death.46   Overcoming this limitation in SLA is the subject of Chapter 2. 

As is derived in chapter M, printing resolution in SLA is limited by the diffusion rate of 

radical initiating species that is particularly high in low viscosity hydrogel precursors consisting 

primarily of water.  This has been addressed by adding an inert compound to the formulation that 
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increases the viscosity, enabling ~1 mm feature size as shown in Figure 1.4. Unfortunately, there 

has been limited work to demonstrate true 3D structures with overhangs and internal channels 

with size less than ~2 mm. 48 Chapter X demonstrates 3D printing of complex hydrogel structure 

including internal 250 micron channels via the use of a very high reactivity thiol-ene polymer 

that reduces the transport-limited resolution to as little as Y microns. 

 

Figure 1.4 Work demonstrating SLA 3D printed hydrogel constructs with a channel, where the 
minimum feature size is ~1 mm, adapted from Elomaa et al.48 

1.3 Thesis Approach 

This work demonstrates a projection SLA system able to print high-fidelity hydrogel structures 

with a wide range of mechanical properties using a single material.44,47–51 Chapter 2 presents the 

fundamental concepts and design tradeoffs of SLA including the relevant reaction/diffusion 

kinetics.  Chapter 3 introduces the multiple patterning concept and uses bulk materials testing to 

demonstrate order of magnitude increase in mechanical properties using a single precursor 

solution.  In chapter 4, the multiple patterning method is applied to SLA to create variable 

modulus hydrogel structures.  Limits to the fidelity of this photopatterning method are 
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characterized in Chapter 5 and compared to a first order reaction/diffusion model.  Finally, 

Chapter 6 presents novel 3D printed hydrogel structures including interior 250 micron diameter 

channels in a low (15 wt%) solids content hydrogel with no thickening agents as well as printed 

stiff biomaterials. 
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Chapter 2 - Three-dimensional (3D) Stereolithography Additive 

Manufacturing (SLA-AM) 

2.1 Executive Summary  

This chapter presents the design and characterization of a custom three-dimensional projection 

stereolithography (SLA) system to print small volumes of cytocompatible, low-viscosity (1cps) 

precursor solutions. Photopolymerization, diffusion, and Beer-Lambert Absorption are discussed 

because they are the fundamental properties of SLA 3D printing and constrain system design 

specifications, which are further constrained by requiring the system to print cytocompatible 

materials. A commercial photopattern generator consisting of a DMD spatial light modulator, 

three switchable LED sources, and objective optics is characterized for uniformity and the gray-

scale capability of the DMD is used to create a uniform illumination region over the center 30% 

of the field.  The optical capabilities of the SLA-AM system are characterized using a 

commercial photoresist, demonstrating pixel-limited photopattern resolution (~10 µm) with a 

maximum illumination intensity of 20 mW/cm2. 

2.2 Stereolithography (SLA) Fundamentals 

SLA 3D printing remains a prominent tool to fabricate complex structures for rapid prototyping 

and manufacturing, decades past its invention in 1983. However, extension to cytocompatible 

hydrogel biomaterials for regenerative medicine requires a greater understanding of how 

transport phenomenon such as diffusion and swelling limit fabrication fidelity.1		For example 

Chuck Hull introduced the use of a strong photo-absorber to control the penetration depth of the 

laser and thus the layer thickness.2  Less well documented is that the transverse feature size 

depends both on the optical spot size and the reaction and diffusion kinetics of the exposed resin.  

A significant portion of this thesis is dedicated to understanding and harnessing these kinetics, 

specifically in low solids content, high diffusivity resins. Similarly, hydrogels introduce post-

gelation swelling that can significantly distort printed structures during or after printing.   
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This chapter introduces the fundamental principles and components of SLA systems including 

photopolymerization, diffusion, and Beer-Lambert absorption. The trade-offs between different 

system design components are considered, including resolution and minimum feature size, 

illumination and wavelength, depth of focus, and choice of programmable mask. With these 

principles, a custom SLA system is designed and characterized.  

2.2.1 Photopolymerization and Diffusion 

The transport and reaction kinetics during photopolymerization affect photopattern fidelity, total 

printing time, and the ability to photopattern mechanical property variations. Polymerization is 

the mechanism by which small molecules, monomers, are linked together to form larger 

molecules, oligomers, that eventually become a solid polymer. The most common initiation 

mechanism for SLA is free-radical polymerization.  The reaction proceeds by first initiation, in 

which radicals are generated by photolysis of a photoinitiator, then propagation, in which these 

monomer radicals react with additional monomers to create propagating polymer radicals and 

finally termination, in which propagating polymer radicals terminate. 

The process of initiation begins when an initiator (𝐼), absorbs a photon (ℎ𝑣 = 𝐸()*+*,, 

where ℎ is Plank’s constant and 𝑣 is the radiation frequency) and cleaves to form reactive species 

(𝑅•) that can then diffuse and react with monomer (𝑀) to produce a reactive monomer species, 

as described by the following equations,  

𝐼 + ℎ𝑣 → 2𝑅• 

𝑅•+𝑀 → 𝑅 −𝑀 •	 → (M6•)		.                                                (2-1) 

These combined processes govern the rate of primary and propagating radical generation3.    

Unreacted monomers species (M) can readily diffuse and react with the propagating 

polymer radicals (M6•) to produce a new, larger radical species (M689•), 

𝑀,• +𝑀
:; 𝑀,89• ,                                                  (2-2) 

which is generally called propagation. As this process continues, the oligomers produced 

continue to grow in molecular weight, increasing the material viscosity.  In the multifunctional 

monomers that will be used here, sufficient crosslinks eventually form such that the network 

spans the printed volume and the molecular weight becomes effectively infinite.  At this phase 
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transition, the high viscosity oligomers become a low modulus solid swollen with the remaining 

monomer, unattached oligomers and water; in other words, a gel.  Controlling this gelation is the 

central goal of SLA.  Further conversion of stiff monomers at high solids content can lead to a 

second phase transition from a rubbery solid to a vitrified glass  reducing chemical transport and 

suppressing continued reactions.3,4   

Finally, termination is the mechanism that consumes radicals, reducing radical 

concentrations, and can occur via three different avenues: recombination, disproportionation, 

and/or occlusion, as depicted below,  

(𝑀<•) + 𝑀,• → 𝑀<8,                      (recombination) 

→ 𝑀< +𝑀,	        (disproportionation) 

→ 𝑀< •+	 𝑀, •             (occlusion)           (2-3) 

Recombination occurs when two radical oligomers and/or polymers combine to a single 

molecule and the radicals terminate one another. Disproportionation occurs when one radical 

oligomer abstracts the radical from a second oligomer, terminating both oligomers without 

forming a covalent bond between them.   Finally in some cases, the radical species are unable to 

interact with another species because they are physically confined, as indicated by the curly 

brackets, and result in trapped radical species, which is called occlusion.3 

 Rate equations such as these are sufficient when the intensity is spatially uniform.  In 

patterned exposure of a liquid or gel material, however, concentration and chemical potential 

gradients lead to diffusion of liquid components. 5,6 This in turn causes swelling of the solid 

network.  Diffusion-driven concentration change as a function of time can be understood using 

Fick’s second law, written in one dimension as,  
=>
=+
= =

=@
𝐷 =>
=@

,                 (2-4) 

where 𝐷 is the diffusion coefficient.7 𝐷 may vary in space,	𝑥, and time,	𝑡, particularly due to 

local monomer, 𝑐, conversion.  However, in the case of low solids content hydrogels (~5-20 

wt%), 𝐷 is approximately a constant because the distance between crosslinks in the polymer, or 

mesh size, is much greater than the hydrodynamic radius of the diffusing species (~10-100X).8–10  

 Expanding this work to incorporate reaction kinetics contributing to the changing species 

concentration gives,    
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=>
=+
= =

=@
𝐷 =>
=@

− 𝑅	,                (2-5) 

where 𝑅	is rate at which a species is consumed, where, in the case of photopolymerization it 

represents the rate of polymerization, 𝑅F.11–13 At steady state, the rate of radical species 

generation is equivalent to the rate of termination and the concentration of radical species is 

therefore constant given, again, that 𝑐 is monomer concentration. Combining this assumption 

with constant diffusion, the species consumption becomes 

0 = 𝐷 =H>
=@H

− 𝑅F.                (2-6) 

This relationship governs the spatial distribution of polymer in an SLA system, the goal 

of which is to create a layer of polymer that is a close approximation of the photopattern design, 

producing high-fidelity features. However, photopolymerization and subsequent diffusion of 

species do not naturally result in a polymer distribution that is a close copy of the optical dose. 

To understand the relationship between reaction-diffusion kinetics and feature fidelity, consider 

two limiting cases: (1) polymerization occurs much more rapidly than diffusion and (2) the 

polymerization rate is much lower than the diffusion rate.  

When the rate of reaction is much faster than diffusion, radical species react before they 

can diffuse outside of the illuminated region. This is the ideal printing environment for SLA 

because it ensures high-fidelity.   This is the reason why most SLA printing materials have much 

higher viscosity and lower diffusivity than the hydrogel precursors considered here.  Since high 

viscosity is not possible in the high solvent conditions used here, instead this work shows that a 

highly reactive monomer can overcome the high diffusion transport rate. Additionally, high 

illumination intensity can increase reaction rate, however this is often limited by light source 

availability and cytocompatibility. 

Conversely, when the diffusion rate is comparable to or much faster than the reaction 

rate, species can move into and out of the photo pattern during the reaction. This transport blurs 

the edges of the patterned material in at least two ways:  diffusion of monomer into the pattern 

and diffusion of radical species out. These processes, not optical diffraction, typically limit the 

resolution (the minimum distance between features) and critical dimension (the minimum 

isolated feature size) of the SLA process.  

This work is particularly concerned with patterning hydrated gels for cellular biology 

applications, and therefore the viscosity of the precursor solution is similar to water with 
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diffusion rates for small molecules that are correspondingly quite fast in comparison to 

traditional SLA resins (~100 µm2/s vs. 0.01 µm2/s, respectively).14 Therefore, high-fidelity 

hydrogel features are only attainable if the reaction rate can be is increased with respect to the 

rapid diffusion rate.  Unfortunately, the reaction rate in hydrogels is reduced relative to 

traditional SLA resins because of high water content and thus low monomer concentration 

dictated by cytocompatibility.  Initiator concentrations in cytocompatible gels are similarly 

limited in order to constrain the radical concentration.15  Thus, the only means to increase the 

reaction rate are by choosing high-reactivity species and/or by increasing the illumination within 

a range of cytocompatible intensities. 

2.2.2 Beer-Lambert Absorption 

SLA 3D printing confines polymerization to a 2D layer by adding a strong absorber.  It is 

generally preferred that this absorber not photo-bleach because minimum layer thickness is 

constrained by maximum achievable absorbance and also because bleaching would needlessly 

complicate the printing process.  Without bleaching, this absorption causes exponential decay of 

intensity with depth according to the Beer-Lambert law as 

I 𝑧 = IL𝑒NO P Q,                                                        (2-7) 

where IL (mW cm-2) is the incident intensity, 𝐴  is the molar concentration of a light-absorbing 

species, and 𝛼 (L mol-1 cm-1) is the molar absorptivity of species 𝐴.3 Assuming that the steady 

state propagation rate scales as 𝐼< and that conversion increases linearly with exposure time at 

the low conversion levels typical prior to gelation, the “effective dose” to reach gelation can be 

written3       

EU = 𝐼<	𝑡.       (2-8) 

 

The thickness of a layer defined by the material conversion reaching the gel point at a depth 

𝑧 = 𝐶W can be determined by combining these two equations as 

𝐶W =
X;
<
ln	 [\]^

[_
,                                                        (2-9) 
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where 𝐸<`@ ≡ 𝐼L<	𝑡 is the effective dose at the illuminated surface of the material.  In the SLA 

literature, the sublinear dependence of conversion on intensity is typically ignored and the 

material response is assumed to be reciprocal, or 𝑚 ≡ 1.   This derivation shows that the 

“working curve2” derived by experimentally determining the parameters of  Equation (1-9) can 

be applied even in the case of sublinear material response with appropriate definition of an 

effective depth of penetration 𝐷( 𝑚 and effective dose 𝐸 ≡ 𝐼<	𝑡. The primary point of this 

discussion is that the available printer intensity (𝐼L), desired print time per layer (t), desired layer 

depth (𝐶W), the gel conversion fraction and the linearity of the intensity response (m) are coupled 

by Equation 1-9 and must be jointly optimized. 2,16–18 

2.3 Projection Stereolithography System Design 

2.3.1 Design Specifications 

Projection SLA printers are simple optical systems that require a controlled exposure source, 

programmable mask or spatial light modulator, and relaying optics to image a mask pattern onto 

the sample plane (Figure 2.1). This system is intended to print materials for regenerative 

medicine, which therefore influences the choice of each component and design consideration of 

the SLA system. Design trade-offs are discussed in the following sections, with the final SLA 

system diagram show in Figure 2.1.  
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Figure 2.1 Projection SLA-AM system diagram, where the programmable digital micromirror 
device (DMD) projects a 2D cross-section using a cytocompatible light source through a series 
of relaying-optics, through an interchangeable objective, and into a photopatternable material. 

2.3.1.1 Resolution and Minimum Feature Size 

Resolution and critical dimension are two specifications often used interchangeably in the 

literature, but they are not equivalent. Resolution defines how closely two features can be 

patterned while remaining resolvable to an external detector (e.g., photodetector, atomic force 

microscope, etc.). Critical dimension is the smallest, independent feature that a printer can 

produce.  The lower limit to both quantities, for an ideal perfect fidelity material, is set by optical 

diffraction of the image on the sample plane.  

Considering the case where two pixels are projected by an optical system with a 

rectangular optical transfer function, the Sparrow criterion states they are just resolved when the 

sum of the two diffraction maxima produce a flat intensity profile, resulting in   

𝑟 = L.ef	g
,	hi6 j

= L.ef	g
kP

                                                       (2-10) 

as the diffraction-limited optical resolution. The system elements that define this equation are 𝜆, 

illumination wavelength, and  𝑛 sin 𝜃, numerical aperture  (𝑁𝐴), of the projection system given 

its angular extent (sin 𝜃) and index of refraction of the medium (air)(𝑛).19  

Because cells are on the order of ~10 µm in diameter, printing hydrogel structures below 

this length-scale is not required, while the ability to print small structures (<5 µm) is ideal for 

structural, acellular constructs.  Given an illumination wavelength of 405 nm, the NA of the 

system would need to be only 0.04, and therefore the system is never limited by optical 

diffraction.  

To enable of NAs and different DMD pixel magnifications, the system built for this work 

incorporated a microscope objective turret. This allows for both large structure with large critical 

dimensions and small structures with small critical dimensions to be printed. The objectives were 

chosen for approximately equal parfocal distances to ensure minimal variations in the system 

focal plane when changing objectives. These system requirements, in addition (2-9), guide the 

choice of exposure source to optimize resolution, while maintaining a cytocompatible 

environment. 
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2.3.1.2 Intensity and wavelength  

A cytocompatible exposure wavelength and intensity are required because the system is intended 

to print biomaterials. Near ultraviolet (e.g. i-line or 365 nm) sources are traditionally used for 

SLA printing due to fast initiation into UV absorbers using argon ion lasers that, in the past, had 

higher power than laser diodes available in the blue.  However, energetic UV photons are known 

to damage cells and reduce their viability at intensities greater than 20 mW/cm2.15,20 405 nm light 

has been shown to not significantly affect cell viability for I0 = 20 mW/cm2 and was hence 

chosen for the photopatterning source.21,15,22   

2.3.1.3 Depth of Focus 

Aside from the absorptive properties of the printing material, the layer thickness depends on the 

system depth of focus (𝐷𝑂𝐹), which is the axial range of projected image focus. In a pixel-

limited projection system, the 𝐷𝑂𝐹 is defined as 

𝐷𝑂𝐹 = 2p	𝑓/# = xF	y
z
≈ 	 F	,

|}
,                                                       (2-11) 

where	p	is the pixel size, f-number, 𝑓/# = y
z

, 𝑓 is the effective focal length, D is the aperture 

diameter, and		𝑓/# ≈	 ,
x	|}

 if the system NA is small. 23  

Because numerical aperture (𝑁𝐴) and 𝐷𝑂𝐹 are inversely proportional, variations in the 

𝑁𝐴 linearly change the 𝐷𝑂𝐹, affecting the maximum layer thickness by the same factor. Because 

layer thickness is approximately inversely proportional to printing speed, maximizing layer 

thickness also maximizes the printing speed.  Using Equation (2-9), the 𝐷𝑂𝐹 can also be related 

to minimum features size, 

𝑟 = L.ef	g	X~�
	F,

,                                                        (2-12) 

which indicates a trade-off between minimum feature size and maximum printing speed. 

Assuming a pixel size on the sample, p, of 5 µm, 𝑛 = 1 in air, and 𝜆 = 405nm, increased layer 

thickness reduces printing speed in an inversely linear relationship (Figure 2.2). By designing 

the system to support a variety of objectives with different numerical apertures, the 𝐷𝑂𝐹 can be 

varied to accommodate either fast, low resolution prints or slow, high resolution prints. 
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Figure 2.2 Plot depicting the tradeoff between desired critical dimension feature size and 

printing speed. 

2.3.1.4 Spatial Light Modulator (SLM) 

The dimensions and pixel size on the sample (PSS) of the final printed structure are defined by 

programmable mask or spatial light modulator (SLM), which contains a finite number of pixels 

of finite size. The PSS proportionally increases with total area projection size and increases the 

critical dimension of the printed structure if large fabrications are required. This tradeoff 

translates directly into printing throughput because large SLMs support large printing areas and 

thus large final structures in addition to multiple, small structures in a single print cycle, which 

decreases total printing time. Therefore, to increase printing speed, the total number of pixels on 

the SLM must be maximized assuming the total power output is held constant (i.e., the 

illumination source power can be increased for an increased SLM size).  

 The two most common SLM technologies are liquid crystal displays (LCD), that are 

found in most commercial projection systems, and micro electro-mechanical systems such as the 
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digital micromirror device (DMD). Because LCDs use the polarization-dependent properties of 

liquid crystals, they require the incident light to be polarized, which reduce the pattern exposure 

intensity by a factor of two if using common, unpolarized light sources such as LEDs.24 DMDs 

are not polarization-dependent and consist of an array of square, electronically bi-stable 

micromirrors. To projection a pattern, the array of electro-mechanical micromirrors will switch 

to an ‘on’ state that sends light to the desired sample plane or to an ‘off’ state that send light to 

an absorber, which represent white and black regions of the photopattern, respectively. The 

pixels switch across their diagonal axis and require incident light be oriented along this axis in a 

non-planar system geometry. Recent DMD designs have overcome this issue by rotating the 

pixels 45 degrees, which allow incident light to be oriented in the plane of the projection system. 

For these reasons, this work uses a pixel-rotated DMD projection source (Texas Instruments, 

DLP 0.3 WVGA Series 220 DMD) to maximize the total intensity at the sample plane for the 

405 nm exposure source and minimize the SLA printer size.  

2.4 System Characterization and Calibration 

2.4.1  Illumination Characterization 

Due to the large cone-angle illumination of LEDs, the intensity across the photopatterned 

exposure field is non-uniform. A DataRay beam profiler was used to measure the intensity 

pattern with the DMD pixels set to a uniform level.  The grayscale feature of the DMD was used 

to produce a uniform intensity across the field (Figure 2.3). Due to the significant intensity roll-

off at the photopattern edges (70%), the total intensity of the image must be reduced by as much 

to produce a flat intensity field. The photopattern is confined to the ~25% of the total projection 

area to maximize intensity output and to limit intensity roll-off at the edges to <15%.   
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Figure 2.3 (a) Depicts intensity variations across the full exposure field at the sample plane as a 
function of graylevel (0-256) that are input to the correction algorithm with (b) a 3D depiction of 
the original intensity variation. (c) Depicts the generated corrected intensity photomask with the 
subsequent (d) flattened intensity variation at the sample plane. 

2.4.2  Focus Characterization 

The focus is characterized using a commercial negative photoresist (AZ4210) sensitive to 400 

nm. The photoresist is deposited onto a glass substrate and spun at 6000 rpm for 30s to create a 

layer thickness of ~2 µm followed by a soft-bake at 100 degrees C for 90s. The samples are then 

exposed to a resolution photopattern at 20 mW/cm2 for 30s (600 mJ/cm2). To verify the best 

focus of the system, a series of resolution pattern exposures is done across the sample at different 

defocus steps (Figure 2.4). Two objectives with different magnifications, 5X and 1X, were 

tested to determine the ability to modify the photopattern total projection area in exchange for 

increased pixel size on the sample (Figure 2.4b-c). Due to the diagonal, rotated orientation of the 

DMD pixels, straight lines in the bitmap photopattern appear as a saw-tooth edge, which allows 

observation of pixel-limited resolution. As pixel size on the sample plane increases, the pixel 

features become visible because the photoresist response is sensitive at these length-scales. 
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Figure 2.4c displays said features, where the distance between pixels and the mirror etching 

holes at their center are visible. 

 

Figure 2.4  (a) Depicts image and scaling of DMD pixels in their ‘on’ ‘off’ states. (b) and (c) are 
DIC images of focus test using a commercial photoresist (AZ4210), where the samples were 
iteratively exposed a series of times to determine the best focus of the system demonstrating the 
ability to pattern using two different objectives (scale bar corresponds to 20 µm). 

2.5 Conclusion 

SLA 3D printing is a simple platform to design and build both prototypes and functional devices.  

It is an ideal system to print structures for regenerative medicine because it supports printing 

both soft (10s kPa), cytocompatible hydrogels and stiff (100 MPa), structural biomaterials. With 

a deeper fundamental understanding of the transport kinetics during photopolymerization, this 

tool will enable the fabrication of tissues and tissue scaffolds that are unable to be built using 

other manufacturing systems.  
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Chapter 3 - Photopatterned Hydrogel: Transport Kinetics Model 

3.1 Executive Summary 

Unlike traditional stereolithography (SLA) 3d printing of high viscosity acrylates that converts to 

glassy solids when polymerized, the goal of this thesis is to pattern low viscosity hydrated 

precursors (i.e., high solvent concentration) into low modulus gels that, initially, may be far from 

equilibrium swelling.  This leads to three challenges in the recording of high fidelity structures: 

1) the diffusion of photo-generated radical species out of the illuminated region, 2) the diffusion 

of species consumed by photo-initiated reactions into the illuminated region, and 3) the 

differential swelling of crosslinked polymer regions.  To characterize these coupled effects, the 

work in this chapter shows that the reaction-diffusion equation set can be simplified to first-order 

steady-state reaction diffusion models for the first two effects.  This work also shows that the 

impact of swelling on recorded micro-patterns can be understood from equilibrium swelling 

measurements of bulk samples.  A characteristic distance is predicted for each of the three effects 

and these are compared in Chapter 5 to experimental results. 

3.2 Introduction 

There is a growing need in the regenerative medicine and personalized medicine 

community to locally control the mechanical and chemical properties of the extracellular matrix 

surrounding cells.1–3 While this need has been addressed in part by fused deposition modelling 

(FDM) or ‘bio-plotting’ printers, the material constraints surrounding this technique severely 

inhibit its ability to recapitulate the microenvironment of cells.4,5 Stereolithography does not have 

the same material constraints and is the subject of current research involving tools for tissue 

engineering.6  

 Traditional SLA resins have nearly 100% monomer concentration and are highly viscous 

(~1000 cPs) in order to minimize diffusion of species during photopatterning to produce high-

fidelity printed features. However, printing cytocompatible precursor materials is inherently 

different because cells require an environment with >70% water to live.7 High concentrations of 

water and low concentrations of monomer in the printing solution subsequently decreases the 

resin viscosity (~1cPs), increases diffusivity, and decreases polymerization rates. These factors 
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combine to effectively reduce the ability to fabricate high-fidelity photopatterned features in 

cytocompatible materials due to the swelling and diffusion that occur during polymerization.  

This chapter presents a model to predict how printing fidelity is affected by precursor 

solution reactivity, diffusivity, and swelling during polymerization. The photopolymerization 

reaction kinetics developed by Reddy et al. for a known, cytocompatible photo-clickable 

chemistry, thiol-norbornene, are first discussed to obtain the relationship between reaction rate 

and species concentration. Diffusion during polymerization is then shown to simplify to first-

order steady state reaction diffusion kinetics, modelling diffusion of species into and out of the 

photopattern shown in Figure 3.1(1). Differential swelling after polymerization is also modeled 

assuming bulk equilibrium swelling properties for the photopatterned material are known 

(Figure 3.1(2)). In Chapter 5, these models are then compared to experimental data.  

 

Figure 3.1  Illustration depicting (1) diffusion of species [M] into and [M∙] out of the 
photopattern and (2) differential swelling occurring due to enhanced crosslinking inside of the 
photopattern resulting in the movement of the polymer network [P] away from the pattern edge.  

3.3 Modelling Kinetics 

3.3.1 Materials 

Hydrogel precursor solutions are inherently difficult to print using SLA due to their low solids 

content and high diffusivity, since these reduce reaction rate and increase transport rates 
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respectively. Linnenberger showed that SLA of poly(ethylene)-glycol methacrylate (PEDMA) 

hydrogel to ~10 micron feature size requires a uniform pre-exposure to just below gelation in 

order to increase oligomer molecular weight and solution viscosity.8 However, out-diffusion of 

oligomer from an initial photo-pattern significantly changes the gelation threshold and resolution 

of subsequent exposures, severely complicating the multiple patterning steps needed for three-

dimensional (3D) SLA.  Thus, in this work, poly(ethylene)-glycol (PEG) thiol-norbornene photo-

clickable polymerization is chosen for three reasons. (1) Photo-clickable step-growth 

polymerizations offer enhanced control of property variations with respect to chain-grown 

reactions because precise off-stoichiometry can be engineered and an excess number of 

functional groups can be accurately predicted. (2) Photopolymerized PEG-thiol-norbornene 

hydrogels are cytocompatible, which is required for printing encapsulated cells.9–11 (3) The thiol-

norbornene reaction has the highest reactivity of all thiol-ene reaction (𝑘F ≅ 106 M-1 s-1), 

significantly greater than meth-acrylates (𝑘F ≅ 102 M-1 s-1) and acrylates (𝑘F ≅ 103 M-1 s-1).12 

Additionally, the lithium acylphosphinate (LAP) photoinitiator was also chosen for its 

cytocompatibility and because it initiates at visible wavelengths (400 nm), which are known to 

be more cytocompatible than UV wavelengths (~ 365 nm).13  

3.3.2 Photopolymerization kinetics 

Cramer et al. and Reddy et al. elegantly modeled and experimentally verified the complex 

polymerization kinetics of thiol-ene step growth polymerizations.12,14 This photo-clickable 

polymerization employs the addition of a thiyl radical to a vinyl functional group via propagation 

(kF) (step 1), followed by radical chain transfer (k��) from the radical carbon produced in step 1 

to a thiol functional group (step 2)12: 

(propagation) 

RS•+ R�CH = CHx
:� R�C•H − CHxSR                 (step 1)     

(chain transfer) 

R�C•H − CHxSR + R′′SH
:�� R�CHx − CHxSR + 	R′′S•,           (step 2) 
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where 𝑅′′, R� and R non-reactive groups of the molecules, C = C and SH are the radical-sensitive 

functional groups vinyl and thiol, respectively, with C• and S• indicating the radical carbon and 

thiyl species, respectively. 

As discussed in Chapter 2, initiation, propagation (steps 1 and 2), and termination govern 

photopolymerization reaction kinetics. Thiol-ene step-growth photopolymerization employs 

radical photoinitiation, whose rate is defined as   

R� = −W[�]
W+
= x.�L�y�[�]��g

k��)>
,            (3-1) 

where [I] is the concentration of photoinitiator ([LAP]) in the solution, 𝑓, efficiency, and 𝜖, 

molar absorptivity, are 0.8 and 470 L mol-1 cm-1, based on standard values for LAP.19,20 Also in 

Equation (5-1),	IL is the incident illumination intensity (mW cm-1) and 𝑁}�, ℎ, and 𝑐 are 

Avogadro’s number, Planck’s constant and the speed of light, respectively. 

The concentration of the four species, SH , CC , S• , and	 C• , is governed by the 

following equations14: 
W[ ¡]
W+

= −𝑘¢£ C• SH  ,           (3-2) 

W[��]
W+

= −𝑘F S• [CC],                      (3-3) 

W[¤•]
W+

= R� − R£ S• + 𝑘¢£ C• SH − 𝑘F S• [CC],          (3-4) 

and 
W[�•]
W+

= R� − R£ C• − 𝑘¢£ C• SH + 𝑘F S• CC .           (3-5) 

Where the termination rate of thiyl and carbon-centered radicals, R+ S• 	and R+ C• , are defined 

as 

R£ S• = 2𝑘£9[S•]x + 𝑘£x S• [C•]             (3-6) 

and 

R£ C• = 𝑘£x S• [C•] + 2𝑘£�[C•]x,                     (3-7) 

where 𝑘£9, 𝑘£x, and	𝑘£� are the bimolecular termination rate parameters for thiyl-thiyl, thiyl-

carbon, and carbon-carbon radical recombination, respectively.15 The rate at which all radicals 

terminate, independent of species, is thus the sum of (5-6) and (5-7), 

R£ = R£ S• + R£ C• = 2𝑘£9[S•]x + 2𝑘£x S• C• + 2𝑘£�[C•]x.       (3-8) 
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The polymerization rate (RF) of this reaction related to individual radical concentrations is 

RF = 𝑘¢£ C• SH = 𝑘F S• CC ,                    (3-9) 

given the rates of thiol and vinyl group consumption are equivalent.14 In steady state, the rate at 

which radicals are generated is equal to the rate at which radicals are terminated (Ri = R£), or 

equations (5-4) and (5-5) = 0. Solving for S• , C• , and combining (5-1) through (5-9), the 

stead state polymerization rate, RF,h, is found to be 

RF,h =
¥¦
x

𝒌𝒕𝟏
(𝒌𝐩[𝐂𝐂])𝟐

+ 𝒌𝒕𝟐
𝒌𝐩𝒌𝐜𝐭[𝐂𝐂][𝐒𝐇]

+ 𝒌𝒕𝟑
(𝒌𝐜𝐭[𝐒𝐇])𝟐

N𝟏
.                  (3-10) 

Reddy et al. identified that each termination mechanisms must be equivalent in thiol-norbornene 

chemistries (𝑘£9 = 𝑘£x = 𝑘£�) and that both propagation and chain transfer polymerizations are 

equally likely (𝑘F = 𝑘¢£)	thus, RF simplifies to 13,15          

RF,h =
¥¦
x:²
𝑘³

9
[��]H

+ 9
[��][ ¡]

+ 9
[ ¡]H

N9

.        (3-11) 

With the steady state polymerization rate of the thiol-norbornene reaction, the steady state 

concentrations of the carbon-centered C•  and the thiyl radicals	 S• , is determined by 

substituting (5-11) into using (5-9) and solving for each radical species,  

C• ´ =
	µ�,¶

:·¸  ¡
	= 	µ�,¶

:¹  ¡
,                                           (3-12) 

where S• ´ is equivalently related to [CC]. 

For a given formulation and illumination intensity, the steady-state concentrations of the 

thiol-norbornene reaction are thus fully determined by the initiation rate (5-1), the 

polymerization rate (5-11) and the two radical concentrations S• ´ and	 C• ´ (5-12).  The 

initiation rate constants for LAP are given above and Cramer et al. and Reddy et al. gives the 

termination constant (𝑘+ = 3.5 X 108  L mol-1 cm-1) and polymerization rate constant (𝑘+ = 0.5-3.1 

X106  L mol-1 cm-1).12,14  A fourth advantage of the thiol-norbornene reaction is thus the complete, 

quantitative understanding of the reaction which I use next to predict patterning fidelity in gels 

formed from this chemistry. 
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3.3.3 Diffusion kinetics 

The goal of this section is to quantitatively describe processes that will blur the polymer pattern 

resulting from a given intensity pattern, which reduce photopattern fidelity.  The hydrogel initial 

conditions assumed are that monomer solution has swollen into an existing crosslinked, off-

stoichiometry thiol-norbornene network expressing a known concentration of tethered thiol or 

norbornene functional groups (see Chapter 5). The new polymer pattern of interest is thus the 

concentration of thiol- and norbornene-attached monomers that react with the existing network 

due to the intensity pattern applied after the gel is swollen. Chosen here is a discrete intensity 

step as would occur at the edge of some more complex pattern.   

 This problem is qualitatively different than that encountered in traditional SLA. In typical 

SLA, exposure of liquid monomer solution creates a distribution of radical and terminated 

oligomers of various molecular weights, all of which then diffuse out of the photo-pattern as 

replacement monomer diffuses in.  The solution viscosity increases depending on the local 

molecular weight distribution, locally changing the diffusivity of all species.  Eventually the 

material undergoes the phase transition to a gel, dramatically changing reactivities and 

diffusivities.  The goal of a model would be to predict the physical boundaries and polymer 

properties of the gel.   

 Here the problem is considerably simpler because the gel is already formed. The goal of 

the model is to predict the distribution of polymer attached to an existing network by the 

propagation reaction. While small amounts of mobile low molecular weight polymer are 

generated, the concentration of network-bound and mobile reactive groups are comparable in the 

systems explored, resulting in most chains becoming immobile after a small number of reactions.  

We can thus approximate the complex reaction sequence as the first-order reaction of mobile 

monomers to tethered functional groups.  Finally, there is no phase transition in this patterning 

environment nor the associated change of properties. Note that the gel phase of both traditional 

SLA and the hydrogels considered here can swell, resulting in a second category pattern blurring.  

For this portion of the model, the polymer 3D network is taken to be fixed. 

The thiol-norbornene precursor solution is designed with an off-stoichiometric ratio of 

0.5:1, [SH]:[CC] respectively, to ensure that 50% of the initial concentration of norbornene 

groups remain unreacted after initial polymerization. After initial polymerization, the hydrogel is 
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then swollen with fresh precursor solution of the same formulation. Once the hydrogel is swollen 

to equilibrium, the assumed maximum effective concentration of thiol to norbornenes present is 

changed from 0.5:1 to 1/3:1 due to the presence of excess [CC] attached to the original hydrogel 

network. During polymerization, these concentrations change as functions of time dictated by the 

rate equations discussed previously.  

The fluorescence detection method described in Chapter 5 quantifies the tethered thiol 

speices concentration after any untethered species have been removed by washing. At an 

intensity step, there are two cases of interest, then.  First, thiyl radicals can diffuse out of the 

illuminated region and react with tethered ene functionality on the network in the dark.  The thiyl 

concentration is 106 times smaller than the tethered norbornene concentration, so this reaction 

may safely be considered first order in mobile thiyl concentration. Second, thiol monomer can 

diffuse from the dark and react with the tethered thiyl radicals in the light.  The thiyl 

concentration is maintained at steady state by the illumination, so this reaction may be 

considered first order in mobile thiol concentration.  The mathematical description of both 

processes is identical, so here I derive the behavior of the latter. 

The diffusion and first-order reaction of the mobile thiol with the immobile network of 

carbon-centered radicals can be described as,  

0 = 9
º»¼½

W
Wº
𝑟,N9𝐷 ¡

W
Wº

SH − 𝑘³[SH][C•]´,                                       (3-13) 

where r is distance from the illumination edge, 𝑛 = (1,2,3) is the spatial dimension, 𝐷 ¡ is the 

diffusion coefficient for thiol monomer and 𝑘( is the reaction rate constant between diffusing 

thiol and tethered carbon-centered radicals.  This equation can be solved in closed form for 

species [SH] in 1, 2, and 3 dimensions from a source of radius R using Bessel Functions of the 

first (𝐽 ) and second kind (𝑌 ),  

SH (𝑟) = 𝐶[1]	𝑟
H¼»
H 	𝐽½

H ,Nx
−𝕚𝑟 :¹[�•]Á

XÂÃ
− 𝕚	𝑌½

H ,Nx
−𝕚𝑟 :¹[�•]Á]

XÂÃ
,      (3-14) 

where 𝐶[1] is a system- and dimensionality-defined constant relating to J ¡( i.e., 𝐷 ¡) and 𝕚 =

−1. Assuming a boundary of fixed flux through a radius R, the solution for 𝑛 = 1, 2, and 3 are  
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SH = 𝑒
Å¼Æ

ÇÂÃ/È¹[�•]Á												𝑛 = 1,                              (3-15) 

SH =
É�

Æ
ÇÂÃ/È¹[�•]Á

	

É�
Å

ÇÂÃ/È¹[�•]Á
	
											𝑛 = 2,                              (3-16) 

and 

SH = ¥
º
𝑒

Å¼Æ
ÇÂÃ/È¹[�•]Á										𝑛 = 3,                              (3-17) 

where 𝐾L	is the Modified Bessel Function of the second kind, were the solutions are simplified to 

include the spatial dimension.  We see that in all cases, the characteristic distance (𝑑>) thiol 

monomers can diffuse before reacting and immobilizing is 

𝑑> = 𝐷 ¡ 𝑘³ [C•]´,                                               (3-18) 

which is shown as the radial diffusion distance scaling factor. The specific distribution of reacted 

thiols depends both on dimensionality and on the size of the source region relative to this 

characteristic distance (10:1, 1:1, and 0.1:1) as shown in Figure 3.2. Figure 3.2a show that when 

the source radius R is large in comparison to dc, the distribution is independent of dimensionality 

because the boundary looks flat (n=1) on the scale of the transport.  Conversely, when the source 

radius R is small relative to the transport distance dc as shown in Figure 3.2c, the thiols travel 

significantly less from the source as dimensionality increases because there is simply more 

volume to fill.  This behavior is demonstrated experimentally in Chapter 5.  
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Figure 3.2 Steady state concentrations of a diffusing species A as a function of distance r away 
from a constant flux surface of size R = 10, 1 and 0.1 times the characteristic distance in n = 1, 2, 
and 3 dimensions.  Inset black circle indicates the current source and the yellow demonstrates 𝑑> 
extending beyond this source. 

 These results can be used to make quantitative predictions about the distance mobile 

thiols propagate into the illuminated photopattern and mobile thiyl radicals propagate into the 

dark before reacting. The distance by which the concentration of thiol monomer and thiyl 

radicals falls off to 1/e from a one-dimensional edge is equal to 

𝑑> ¡ =
XÂÃ

:¹[�∙]Á
     (3-19) 

and 

𝑑> ∙ =
XÂ∙

:¹[��]
 ,     (3-20) 
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respectively.  

The two most important conclusions from this model are the distinctly different 

characteristic diffusion-reaction distances for radicalized species, S ∙ and C ∙, versus unreacted 

species, SH and CC (Figure 3.3). These distances vary because the steady-state thiyl radical 

concentration within the pattern is low with respect to the total concentration unreacted species 

outside of the photopattern, whereas monomer species diffusing into the pattern are at a 

comparable concentration to the attached radical species within the pattern due to off-

stoichiometry. Therefore, diffraction-limited photopatterning should be possible given the short 

diffusion-reaction distance of thiyl radicals, which is on the order of nanometers. 

Further, because 	RF,h and thus C• ´ are proportional to 	IL, 𝑑> is predicted to increase 

by a fourth-root as incident exposure intensity increases (𝑑> ∝ 	IL
Î ). Equations 1-19 and 1-20 

can be similarly derived for [CC] and [C ∙]´ as 𝑑>�� and 𝑑>�∙, respectively. Figure 3.3 is a plot 

these calculated distances tor typical intensities of	IL = 5, 10, and	20 mW cm-1 and typical 

concentrations of norbornene and thiol functional groups in high water content hydrogels (0.035 

M and 0.07 M, respectively). The respective distances [CC] and [SH] propagate out of the 

photopattern before reacting are 103 time greater than the distances [C ∙]´ and [S ∙]´ propagate out 

of the photopattern before terminating, shown in Figure 3.3. As expected, due to the low ratio of 

thiyl radical species diffusing out of the pattern to the total unreacted species concentration, the 

characteristic distance radicals can diffuse before terminating is negligibly affected by incident 

intensity variations (Figure 3.3).  
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Figure 3.3 Characteristic distance molecules can diffuse before reacting plotted as a function of 
incident intensity for species diffusing into the photopattern, [CC] and [SH], and out of the 
photopattern, [C ∙]´ and [S ∙]´. Because the characteristic distances for the radical species,	[C ∙]´ 
and [S ∙]´, are significantly shorter than that of unreacted species, [CC] and [SH], the 
characteristic distance is labeled.  

3.3.4 Reaction-induced differential swelling 

An additional feature of hydrogels that affects photopattern fidelity is reaction-induced 

differential swelling. This differential swelling is related to the crosslinking density and therefore 

thiol concentration, which reduce the swelling ratio of the patterned region with respect to the 

initial hydrogel network. Illuminated regions thus expel water and de-swell, which contracts the 

hydrogel matrix and stretches the bonds at the edges of the pattern. If this process occurs during 

illumination, the edges of the pattern inside the illuminated region will experience less total 

conversion as gel is pulled into the light via elastic deformation.  Using the technique introduced 

in Chapter 3 to determine the volumetric swelling ratio (Q), the swelling ratios between the 

initial precursor-swollen hydrogel network (Q0) (w.r.t. the un-swollen initial network) versus the 
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photopatterned network (QP) (w.r.t. the swollen initial network) are found and used to determine 

the linear deformation ratio.  

Taking the cube-root of each swelling ratio yields the linear deformation (𝜆) within the 

precursor solution, where 𝜆L and 𝜆³ for the initial swollen hydrogel and the photopatterned 

network, respectively. The ratio of these two linear deformations yield the percent shrinkage that 

should be expected at the edges of the photopattern where, 𝜆³/𝜆L = predicted linear 

deformation. This model assumes that the photopatterned feature in question is sufficiently 

isolated from any other photopatterns that could affect this shrinkage. The linear deformation 

ratio quantifies how much the pattern should deform at the edges with respect to the total 

photopattern dimensions assuming uniform crosslinking within the photopattern (e.g., the edge 

of a photopattern width of 1 mm would move by ½ the expected total deformation because only 

½ the photopattern width contributes to the shrinkage away from the pattern edge).  

3.4 Conclusion 

The ability to print high-fidelity cytocompatible hydrogel materials using SLA will enable tissue 

engineers to fabricate structures with 3D user-defined mechanical and chemical properties, 

which is required to fully recapitulate complex biological tissues and organs. Developed here is a 

model to predict the fidelity of photopatterned hydrogel structures given the high diffusivity, 

reduced reactivity of high-solvent precursor solutions and is represented by the characteristic 

distances of diffusing species into and out of the photopatterning region. Furthermore, a model to 

predict differential swelling as a function of bulk hydrogel properties and photopattern 

dimensions, which could, in theory, be compensated for by modifying the equilibrium swelling 

conditions of the hydrogel precursor solution of interest. Chapter 5 compares the predictive 

models presented here to experimental data obtained from hydrogels photopatterned using the 

custom SLA printer discussed in Chapter 2. 
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Chapter 4- Control of Hydrogel Properties via Swelling and 

Photopolymerization 

4.1 Executive Summary 

This study investigates the range of mechanical properties a single precursor solution can 

produce by cyclically in-swelling fresh precursor solution followed by photo-exposing the 

swollen gel (“swelling + exposure” or SE cycle). By characterizing the range of mechanical 

properties in bulk hydrogel, this work can be extended and implemented into a 3D printing 

system to spatially photopattern mechanical properties using a single material, as shown in 

Chapter 5. I employ a cytocompatible photo-clickable poly(ethylene glycol) macromer solution 

to demonstrate this technique, which consists of PEG-dithiol and 8-arm PEG-norbornene. I chose 

three cytocompatible precursor solution formulations of 5, 10, and 20 wt% macromer 

concentration in phosphate buffered saline (PBS) to investigate, each of which underwent 10 SE 

cycles. The process was terminated at 10 cycles based on the observation that properties changed 

rapidly in the first several cycles and much more slowly by cycle 10. Comparing the gels that 

underwent zero SE cycles (single network gels) to those that underwent multiple SE cycles, I 

demonstrate that hydrogel mechanical properties can be increased by more than an order of 

magnitude using this technique, e.g., compressive moduli increase from 10s kPa to 100s kPa.  

4.2 Introduction 

Hydrogels are the subject of extensive research as tissue scaffolds due to their tunable properties 

including water content (50-97%), swellability (~5-15X), diffusivity (up to ~100 µm2/s) and 

stiffness (1s to 1000s of kPa).1–7 These materials mimic the extracellular matrix of a variety of 

human tissues, ranging from fat to cartilage.8 Hydrogels can also be highly cytocompatible, with 

cell viability on the order of 95% after weeks of culture.1 Cartilage repair and regeneration is 

particularly difficult as the native tissue possesses limited ability to heal. However, a cartilage 

replacement must bear the physiological loads on the order of ~1000s of N, while simultaneously 

providing a soft scaffold that is suitable for cells.9–12 This dual requirement for spatially 
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controlled tough, high-modulus global behavior that is locally soft and resorbable is challenging 

to meet with a homogeneous material. A patterned, heterogeneous structure can address this 

requirement.13 

 Stereolithography offers a route to spatially pattern such structures. In all variants of 

stereolithography, an optical pattern representing a two-dimensional slice of a 3D design hardens 

a thin layer of resin.14,15 As the fabrication is moved away from the light source by a motorized 

platform, a fresh layer of liquid resin is supplied by the bath surrounding the part.  To 

incorporate a second printing material, the incomplete part must be removed from the bath, 

washed in a solvent, and placed into a bath of the second macromer resin. This process is slow 

and wasteful of material.16 When printing with cell-laden precursor solutions, the solvent wash 

can lead to cell death.16–18 Finally, the high diffusivity of hydrogels causes the subsequent 

macromer solutions to rapidly penetrate the existing solidified gel, making it difficult to pattern 

distinct features.  

 Previous research by DeForest et al.19 and Marklein et al.20 exploited this rapid diffusion 

of molecules into a previously polymerized hydrogel to spatially pattern different chemical cues 

that control stem cell differentiation, by in-diffusing functionalized macromer solutions and 

locally photopolymerizing. Similarly, Ducrot et al.21 and Gong et al.22,23 demonstrated 

modification of an existing polymer network by swelling the original matrix with a second 

precursor solution, which was then polymerized, forming a double network (DN) hydrogel. 

While these techniques demonstrated that macromer transport followed by photopolymerization 

can selectively modify properties of biologically relevant hydrogels, the use of multiple 

macromer formulations is inherently difficult for stereolithography, as described.  

 To overcome these challenges, transport of the original macromer solution into the 

printed gel can be exploited to obtain large variations in mechanical properties using only a 

single macromer solution, avoiding removal from the bath and solvent wash. Specifically, 

precursor solution of the same formulation is allowed to swell into an existing polymerized 

matrix and is selectively polymerized, locally modifying the hydrogel properties.23 Exploiting 

the rapid transport inherent to hydrogels and using a single precursor solution to produce a 

mechanically diverse 3D structure enables the large range of mechanical properties required for 

cartilage replacement to be efficiently fabricated in a stereolithographic 3D printer. 
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 This study investigates the range of mechanical properties a single precursor solution can 

produce by cyclically in-swelling fresh precursor solution followed by photo-exposing the 

swollen gel (“swelling + exposure” or SE cycle), as illustrated in Figure 4.1.20–22 We employ a 

cytocompatible photo-clickable poly(ethylene glycol) macromer solution to demonstrate this 

technique, which consists of PEG-dithiol and 8-arm PEG-norbornene.24–26 We chose three 

cytocompatible precursor solution formulations of 5, 10, and 20 wt% macromer concentration in 

phosphate buffered saline (PBS ) to investigate, each of which underwent 10 SE cycles.12,24 The 

process was terminated at 10 cycles based on the observation that properties changed rapidly in 

the first several cycles and much more slowly by cycle 10. Comparing the gels that underwent 

zero SE cycles (single network gels) to those that underwent multiple SE cycles, we demonstrate 

that hydrogel mechanical properties can be increased by more than an order of magnitude using 

this technique, e.g., compressive moduli increase from 10s kPa to 100s kPa. By characterizing 

the range of mechanical properties in bulk hydrogel, this work can be extended and implemented 

into a 3D printing system to spatially photopattern mechanical properties using a single material, 

as shown herein.  

 

Figure 4.1 (1) The initial precursor solution is placed into a cylindrical mold and 
photopolymerized into a hydrogel. (2) The hydrogel is then placed into a bath containing the 
same macromer and photoinitiator concentrations as were used to form the initial gel and swollen 
to equilibrium. (3) The swollen gel is removed and immediately polymerized using the same 
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exposure conditions as step 1. Steps 2-3 encompass a single DE cycle, which is repeated up to 10 
times. 

4.3 Experimental Procedure 

4.3.1  Materials 

Poly(ethylene glycol) dithiol (PEG-dithiol (Sigma Aldrich, MW 1,000 Da), poly(ethylene 

glycol) thiol (tripentaerythritol) (JenKem USA, 8ARM-PEG-SH, MW 10,000 Da), and lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (Colorado Photopolymer Solutions) were used 

as received. 5-norbornene-2-carboxylic acid (NB) (Sigma Aldrich) was conjugated to 

poly(ethylene glycol) amine (PEG-NH2) (JenKem USA, 8arm PEG amine, HCl salt, MW 10,000 

Da) at room temperature (RT) under an argon purge to produce poly(ethylene glycol) norbornene 

(PEG-NB). 12 This was done by dissolving PEG-NH2 (10 g) in dimethylformamide (DMF) 

(15mL) and dichloromethane at 1:1 ratio to which the solution containing 4-molar excess NB 

(4.42g), 2 molar excess 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium 

hexafluorophosphate methanaminium (HATU, AKSci) (9.12g), and 2 molar excess N,N-

diisopropylethylamine (DIEA, Sigma) (6.2 g) was reacted with for 48 hours. The solution was 

precipitated in diethyl ether, dialyzed four times with diH2O over two days, and lyophilized. The 

resulting 8-arm PEG-NB product conjugation of 99% (percentage of NB conjugated PEG arms), 

referred to herein as PEG-NB. The degree of norbornene conjugation was determined by 
1HNMR (Bruker AV-III 400) by comparing the area under the peak for the allylic hydrogen 

closest to the norbornene bridged cyclic hydrocarbon group (resonance from ~3.1 to 3.2 ppm) to 

the area under the peak for the methyl groups in the PEG backbone (resonance from ~3.4 to 3.85 

ppm), see Figure 4.2 for 1HNMR spectrum. Macromers were dissolved in phosphate-buffered 

saline (PBS) (OmniPur, Calbiochem).  
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Figure 4.2 Nuclear magnetic resonance spectrum of the conjugation product of norbornene (NB) 
to poly(ethylene glycol) amine (PEG), where (a) indicates the spectrum of the PEG backbone 
with resonance between ~3.4-3.85 ppm and (b) indicates the spectrum for the allylic proton 
closest to the NB R group with resonance between ~3.1-3.2 ppm.  A 99% conjugation percentage 
was found using the ratio of the two peak areas combined with the molecular weight of the PEG 
and NB molecules. 

 

4.3.2  Sample Preparation 

PEG-NB and PEG-dithiol (at 0.25:1, 0.5:1, 0.75:1, and 1:1 thiol:ene ratios) were combined with 

cytocompatible UV photoinitiator LAP24 at 0.05 wt% in PBS at three precursor solution 

concentrations of 5, 10, and 20 wt% of total macromer. First PEG-NB was dissolved into PBS 

for 10 hrs., PEG-dithiol and LAP were then added immediately before use to minimize the 

formation of disulfide bridges within the solution. A volume of 20 µL precursor solution was 

then added to 3 mm diameter by 5 mm cylindrical molds and photopolymerized with a uniform 

intensity 405 nm illumination (OmniCure S1000) at RT for 6 minutes (13 mW/cm2) to form a 

cylindrical hydrogel, with the diameter ~3 mm and height ~ 2 mm. Because the hydrogels are 

formed at a high solvent concentration and off stoichiometry, unreacted ‘enes’ and any unreacted 

thiols are free to react with new precursor solution, as shown in Figure 4.3. 
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Figure 4.3 (a) The chemical structure of the precursor solution components, where the green and 
orange regions indicate the functional groups norbornene and thiol, respectively. (b) An 
illustration of initial network formation showing remaining functional groups after 
polymerization. (c) A cartoon depicting the network transformation after a single SE cycle. 

To modify the characteristics of the existing polymer network, the gel was then placed 

into a fresh bath of precursor solution containing the same concentrations of macromer and 

photoinitiator as used to form the original gel. The precursor solution bath volume was 

maintained at 15 times greater than the gel volume to prevent significant concentration dilution 

of the bath during swelling. Each hydrogel was swollen to approximate equilibrium at RT by 

leaving it in the bath for a time determined by a series of swelling experiments, as described 

below and in Table 4.2. 
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Figure 4.4 (a) Swollen mass as a function of time in precursor solution bath and the polynomial 
regression analysis, shown as solid line in red (p<0.0001) (b) Bar graphs illustrating increased 
dry and swollen masses as a function of DE cycle with standard deviation indicated. (c-d) 
Regression fits with 95% confidence interval, demonstrating statistically significant increase in 
dry polymer mass as a function of DE cycle. 

 To ensure homogeneous concentration of the precursor solution bath throughout 

swelling, it was placed onto an orbital shaker at an oscillation speed of 90 rpm. The gel was then 

removed, gently dried (removing only liquid remnants on surface of gel), and immediately 

polymerized with a 405 nm exposure source. The above process was repeated 10 times, n=3-4 

trials per cycle. Each gel was then placed into a bath of deionized (DI) water and swollen to 

equilibrium for 24 hours. DI water replaced the previously used PBS to remove the salts from the 

dried gel mass, and all swelling measurements were taken at this time. 

4.3.3 Characterization 

4.3.3.1 Mechanical Properties 
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Unconfined compression tests were performed using a Material Testing System (MTS) Insight 2 

(MTS Systems Corporation. Two different capacity (5 N and 250 N) load cells were used to 

encompass the varying maximum loads produced by compressing each of the equilibrium 

swollen, 3 mm x 2 mm cylindrical gel samples (i.e., the 250 N load cell was required to test 10 

wt% gels from SE cycles 4-10 and all 20 wt% samples). Stress-strain tests were all run to failure. 

The duration of each compression test was under 5 minutes, a sufficiently short time to neglect 

the effects of evaporation. 

The compressive modulus (hereafter termed ‘modulus’) was found using engineering 

stress-strain curves taken for equilibrium-swollen hydrogels in DI water (Figure 4.5). Hydrogel 

toughness was determined by compressing each gel at a rate of 0.5 mm/min until failure (i.e., the 

point at which the gel experienced fracture as indicated by a severe drop in stress) and then 

integrating the region under the stress-strain curve to obtain toughness prior to failure. The 

ultimate strength is the highest stress attained before failure. It should be noted that all stress and 

strain values presented herein are based on preloaded sample dimensions using infinitesimal 

strain assumptions.27  

 

Figure 4.5 Stress-strain curve illustrating the hydrogel behavior under compressive loading and 
subsequent failure where the slope of the curve at 15% strain was used to determine the 
engineering compressive modulus, and the shaded region indicates the toughness. (Inset) (a) and 
(b) show images of a single hydrogel sample before compression and at compressive failure 
known as ultimate compressive stress, respectively. 
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 The hydrogel equilibrium volumetric swelling ratio, 𝑄, was determined by 
	

𝑄 = 1 +	𝜌( 𝜌´
𝑀´

𝑀W
− 1 	,	 (4-1)	

where 𝑀´ is the equilibrium DI swollen mass of each gel, 𝑀W is the polymer mass after 

lyophilization, 𝜌( is the polymer density assumed to be 1.08 mg/mL, and 𝜌´ is the density of 

water (1 g/mL).25,27 From equilibrium volumetric swelling ratio, the polymer volume fraction is 

defined by28 

𝜙 = 𝑄N9, 
(4-2) 
	

we estimated crosslink density,	𝜌@ and the polymer-solvent interaction parameter, 𝜒9x using a 

self-learning model described by Akalp et al.29 This model uses the experimentally determined 

parameters of polymer volume fraction (i.e., 𝜙) and the modulus of the fully swollen as inputs 

and solves for 	𝜌@ and  𝜒9x by combining Flory-Rehner theory with theories of mixture and 

poroelasticity.30–33 The model assumes isotropic swelling and uses a modified version of Flory-

Rehner theory that neglects the contribution of chain ends. These assumptions are reasonable for 

unconstrained swelling conditions and have been shown to predict swelling and modulus of 

similar PEG hydrogels.29 

The linear deformation of a hydrogel network, assuming isotropic swelling, is described 

by 𝑄9 �.34 To understand the impact of in-swelling on the level of polymer chain stretching at 

each SE cycle, the ratio of linear deformation of the hydrogel at equilibrium (𝑄,,y
9 �) to the linear 

deformation of hydrogel immediately after the gel is formed but before swelling (𝑄,,�
9 �) was 

evaluated for cycle	𝑛. This ratio is defined in terms of 𝜙 by28 

𝜆, =
Ó»,¦
Ó»,Ô

9 �
	. 

(4-3)	

4.3.4 Statistical Analysis 

Polynomial regression, a special case of multiple linear regression, was performed for each 

mechanical property response (modulus, toughness, swelling ratio) in models including SE cycle, 

SE2, and SE3. For each dependent variable, the models were constructed and compared for each 

combination of linear, quadratic, and cubic orders of SE. Model selection favored overall model 

significance (p < 0.05), and high R2(adjusted) (Table 4.1). For several responses, log 
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transformation of the dependent variable was necessary to satisfy model assumptions of normally 

distributed residuals and unstructured residuals versus model fits. Simple linear regression was 

used to evaluate the relationship between toughness and modulus where model assumptions were 

satisfied. Two-factor ANOVA considered the effect of hydrogel composition (5, 10, 20 wt%) 

and bath composition (with or without photoinitiator) on mechanical properties. For all analyses, 

alpha was set a priori at 0.05. All statistics were performed with Minitab (v.17). 

 

 

Table 4.1 Polynomial regression analysis for all initial precursor formulations and hydrogel 
properties as functions of DE cycle are reported here along with their respective p and 
R2(adjusted) values. For all models, we compared with linear and quadratic terms only models 
and for each response variable, a linear-quadratic-cubic model was most appropriate. 



51 

4.4 Results and Discussion 

4.4.1  Preparation of PEG hydrogels 

To enable new precursor solution to react with the existing network, an off-stoichiometric ratio 

of thiol to ‘ene’ was used to ensure ‘ene’ groups remained unreacted after the initial network 

polymerization. We varied the thiol to ‘ene’ ratios from 0.25:1 to 1:1 at increments of 0.25 and 

characterized their mechanical and swelling properties and crosslink density, as shown in Figure 

4.6. We chose the 0.5:1 ratio because it exhibited structural stability while leaving at least half of 

the initial ‘ene’ groups unreacted after the initial polymerization.  

 

Figure 4.6 The macroscopic properties of photo-clickable PEG hydrogels that were formed by 
varying the thiol:norbornene ratio from 0.25:1 to 1:1 using a precursor solution of 10 wt% 
macromer and 0.05 wt% LAP. The macroscopic properties are volumetric swelling ratio, Q, 
modulus, and crosslinking density, where n=3-4 and the vertical error bars (blue) indicate the 
standard deviation of a given sample set. 

As a control experiment to verify that mechanical properties did not change in a single 

network gel by simply providing additional photoinitiator, a solution of 0.05 wt% LAP in PBS 
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was swelled into the initial single network hydrogels and exposed. As shown Table 4.2, no 

significant change in hydrogel properties was observed. This confirms that any change in 

mechanical properties, as a function of SE cycle, are the result of polymerization of new 

macromer.  

To ensure that the length of time in the precursor solution bath was sufficiently long to 

allow each gel to approach equilibrium, gels of each formulation were placed into a bath 

precursor solution and incrementally removed to observe swollen mass as a function of time in 

the bath. Soak times of 6, 6, and 12 hours for the 5, 10, and 20 wt% gels, respectively, were 

determined for each SE cycle when the swollen mass had leveled off and no continued mass gain 

observed, which occurred after 5 hours of submersion for each formulation (Figure 4.4a) 

To confirm experimentally that new macromers were transported into the hydrogel at 

each SE cycle, the dry polymer mass was obtained after each cycle, but before swelling, 

following lyophilization. For all formulations, the dry mass increased with SE cycle, 

demonstrating the in-swelling of new precursor solution into the gels (Figure 4.4b-d). We note 

that for the 5 wt% 0.5:1 hydrogels, the PBS salts were not diffused out from the hydrogel and 

contributed to and enhanced initial dry mass observed. To correct for this, the mass associated 

with the PBS salts that remain after lyophilization was determined and then subtracted from the 

dry mass.  

The gels were designed with an off-stoichiometric ratio, leaving approximately 50% of 

the norbornene functional groups remaining after polymerization. However, non-idealities can 

leave behind unreacted thiols as well as norbornenes. To determine whether the PEG-NB 

macromer reacts significantly with free thiols, and thus contributes to the initial network, 

swelling of solely PEG-NB and photoinitiator in PBS into the single network hydrogel followed 

by light exposure was investigated. 
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Table 4.2 Mechanical properties are not influence by the presence of photoinitiator. In a two-
way ANOVA the main effect of wt% was significant (p < 0.0001). However, there was no 
significant main effect of photoinitiator status, and no significant interaction between wt% and 
photoinitiator status. 
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Figure 4.7 Mechanical properties of hydrogels after a single swelling and exposure cycle using 
precursor solution containing solely (red) photoinitiator and PBS; (green) PEG-NB, 
photoinitiator, and PBS; or (blue) PEG-dithiol, photoinitiator. The compressive modulus was 
unaffected by the presence of solely PEG-NB in the solution, while it doubled when the PEG-
dithiol solution was in-swelled and polymerized (p<0.0001). For both PEG-NB and PEG-dithiol 
solution, the swelling ratio decreased with respect to the photoinitiator solution control (p<0.05). 
Hydrogel toughness was not uniformly affected by the presence of either solely PEG-NB or 
PEG-dithiol across the three formulations (p>0.05). 

No significant changes were observed in the modulus when hydrogels of 5, 10, and 20 

wt% macromer with 0.5:1 thiol to ene ratios were prepared and swollen with fresh precursor 

solution of 0.05 wt% LAP in PBS with solely the PEG-NB macromer. This observation suggests 

that the concentration of free thiols in the initial network is low. However, diffusion of the PEG-

NB macromer will be more limited due to its size and thus its concentration may be low.35 

Consequently, any reactions to the initial network may not, on its own, contribute significantly to 

the macroscopic properties. However, swelling the hydrogels with PEG-dithiol and photoinitiator 

in PBS led to increases in the compressive modulus by a factor of two (Figure 4.7). It is 

important to note that each gel was submerged in their respective precursor solution until 

equilibrium swelling was reached. 

The necessity for an off-stoichiometric ratio of ‘enes’ to thiols was first probed by using 

the 5 wt% precursor solution, but with a 1:1 stoichiometric ratio between functional groups.  

This test was subject to 6 SE cycles as previously described.  
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Figure 4.8 (a) Changing thiol to ‘ene’ ratio from 0.5:1 to 1:1, modulus and (b) crosslink density 
linearly increase for all SE cycles (p < 0.0001 and p = 0.014, respectively). (c) The swelling ratio 
conversely decreased linearly for all SE cycles. (d) No significant relationship between 
toughness and SE cycle was visible after repeating 6 SE cycles (p =0.77). The solid lines 
represent experimental data while the dotted represents the best-fit regression model. 

A positive, linear relationship between modulus and SE cycle as well as crosslink density and SE 

cycle was found (p<0.0001 and p = 0.014, respectively), while the swelling ratio to SE cycle 

exhibited a negative, linear relationship (p<0.0001) (Figure 4.8a-c). The increase in modulus 

and decrease in swelling observed here is attributed to the presence unreacted thiol and ene 

functional groups that result from inefficiencies in crosslinking due to the high solvent 

concentration. The change in hydrogel properties was modest and even with multiple cycles, no 

relationship between toughness and SE cycle was found (p=0.77) (Figure 4.8d). This result 

corresponds with trends in elastic modulus data from the literature where the introduction of 

more precursor solution and subsequent polymerization to an already formed network with no 

accessible reactive groups, negligibly contributes to increased stiffness.20,35 Based on these 

results, an off-stoichiometric ratio precursor solution was selected for subsequent experiments to 

investigate changes in macroscopic properties with SE cycle. 
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4.4.2  Characterization of enhanced PEG hydrogels 

This study demonstrates that repeated precursor in-swelling and exposure cycles affect 

both the modulus and the toughness of PEG hydrogels. We observed an order of magnitude 

increase in the modulus after 2-4 cycles for all precursor solution formulations (Figure 4.9). We 

hypothesize that during these cycles, the remaining ‘enes’ in the first network further react 

creating a more densely crosslinked network, evident by the increase in modulus. Because we 

observed greater increase in modulus after a single SE cycle than when solely swollen with a 

PEG-dithiol solution (Figure 4.7), the presence of PEG-norbornene in the in-swollen precursor 

solution contributes to the observed increased modulus. With each cycle, ‘enes’ and thiols are 

consumed, but new pendant free ‘enes’ and thiols are introduced leading to further increases in 

the crosslink density and subsequent modulus. However, beyond approximately 3 SE cycles, the 

modulus reached a plateau. 

Concomitant with the increased modulus, we observed an increase in toughness of the 

hydrogels as they underwent up to ~2 SE cycles. The failure point was noted by a sharp decrease 

in the stress-strain curve corresponding to irreversible, inelastic damage with visibly fractured 

gels. The gel toughness increased for all formulations, for example by a factor of 4 for the 20 

wt%. For the responses of modulus and toughness, models with quadratic and cubic terms of SE 

achieved the best fit. These models confirm the presence of a maxima (2-4 cycles), after which 

mechanical properties decreased with additional cycles.  
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Figure 4.9 (a) For all precursor solution formulations (5 (red), 10 (green), and 20 (blue) 
macromer wt%), the modulus and toughness increases until a plateau or decrease is reached at 2-
4 SE cycles, Polynomial regression confirms that mechanical property data are best fit with a 
model including SE, SE2, and SE3. The shape of the most appropriate model confirms the 
presence of maxima in mechanical properties between 2-4 SE. For the full regression fits, p-
values, and R2 values see Table 4.1. (b) Shows the stress-strain curves until failure for each PS 
formulation at cycles 0 (solid line) and 4 (dashed line), where (c, inset) displays the ultimate 
strength as a function of SE cycle.  All data are presented as mean with standard deviation as 
error bars for n=3-4. 

For each precursor solution formulation, the equilibrium volumetric swelling ratio, Q, 

(Figure 4.10a) decreased as a function of SE cycle and reached a plateau after 3-4 SE cycles. As 

shown in Figure 4.10b, the crosslink density also follows this trend, which increased as a 

function of SE cycle until approximately 2-4 SE cycles, where the crosslink density reached a 

plateau (5 and 10 wt% gels) or decreased (20 wt% gels). Two hypotheses for the plateaus 

observed in the modulus, Q, and crosslink density are proposed. First, the macromers were not 

given adequate time to be transported into the gel once the gel had undergone multiple SE 

cycles. However, long times (~6-12 hours) were employed and the dry and swollen polymer 

masses (Figure 4.4b) increased with each SE cycle, suggesting that transport was not limited. 
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Figure 4.10 (a) For all precursor solution formulations, a sharp decrease in the equilibrium 
volume swelling ratio, where Q was normalized to the dry mass of the hydrogels that underwent 
0 SE cycles to account for sample variation. (b) The crosslink density experienced a similar trend 
to the mechanical properties, increasing until 2-4 cycles and then reaching a plateau. Polynomial 
regression analyses of Q versus linear and higher-order expressions of SE reveal that the best 
model fit is achieved with inclusion of SE, SE2, and SE3 terms. The best fitting model shows a 
maximum in Q between 2-4 SE cycles with p < 0.05 for all sample sets (Table 4.1).  All data are 
presented as mean with standard deviation as error bars for n=3-4 except crosslink density, 
which was determined using all technical repeats (n=3-4) per condition in a self-learning 
algorithm. 

Alternately, a complex, multi-network system may be forming. In support of this hypothesis, the 

dry polymer and swollen masses continued to increase beyond cycles 3-4 even though there were 

no longer any appreciable changes in mechanical or swelling properties. These data confirm that 

macromer is still being transported into the hydrogel and subsequently reacting and thus point to 

the formation of interpenetrating networks.  

It is interesting, though, that the behavior the hydrogels formed herein differ substantially 

from typical double networks, which utilize two distinctly different materials, that exhibit an 

increase in toughness with the addition of the second material, while modulus remains 

approximately constant.21–23,35A linear regression analysis of toughness to modulus shows a 

positive correlation (p < 0.0001, R2(adj.) = 0 .676), indicating that increase in modulus 

corresponds with increase in toughness in hydrogels fabricated via multiple SE cycles (Figure 

4.11). This finding is consistent with single network hydrogels where increasing crosslinking 

increases both modulus and toughness. These data thus suggest that in the initial SE cycles, the 
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degree of crosslinking in the initial network increases leading to the combined increased in 

modulus and toughness. However, the plateau in properties at SE cycles of ~2-4 suggest that the 

bonds in this initial network dominates the mechanical properties at later SE (i.e., > ~2-4) cycles.  

To further understand how the network changes with increasing SE cycle, we calculated 

the linear deformation, 𝜆,	which is a measure of polymer chain stretching within the hydrogel 

relative to its dry state (Figure 4.12a). As expected, the polymer chains in the initial network 

(i.e., SE=0) are more stretched in the 5 wt% (i.e., low crosslinked) formulation compared to the 

more tightly crosslinked 10 and 20 wt% formulations.  

 

 

Figure 4.11 Linear regression analysis (red solid line) confirming the positive relationship 
between increased modulus (E) and toughness (T) of SE cycle fabricated hydrogels with p < 
0.0001 and R2(adjusted) = 0.6759. The 95% Confidence (green dashed line) and Predicted 
(purple dotted line) Intervals are also plotted to highlight the model-to-data fit.  

With increasing SE cycles up to ~SE 2, additional crosslinks are introduced into the initial 

network and overall the polymer chains do not stretch to the same extent as in the previous SE 

cycle. It should be noted that with each SE cycle, a distribution of polymer chains exists in 

different stretched states; however, 𝜆 represents the average of all chains. At SE>~2, the linear 

deformation no longer changes with increasing SE cycle for each formulation.  
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Interestingly, however, the percent polymer mass continues to increase (e.g., by 70% 

from SE2 to SE10 for the 5wt% formulation). Our data indicate that additional crosslinks are 

being introduced into the initial network (b/w SE2 and ~SE 4) as evidence by an increase in 

modulus and that an interpenetrating network(s) is like forming in subsequent SE cycles as 

indicated by the increased weight gain. Since 𝜆 represents an average of chain stretching, it is 

reasonable to postulate that the chains in the initial network continue to be stretched with each 

SE cycle, but the new polymer chains that are introduced are less stretched. This statement is 

supported by data in Figure 4.12b, which describes the level of polymer stretching at 

equilibrium relative to the prepared state (i.e., before swelling to equilibrium) for each SE cycle.  

 

 

Figure 4.12 (a) Linear deformation decreased a function of SE cycle, (p<0.02 for all 
formulations). (b) The linear deformation ratio comparing the linear deformation of the swollen 
network to that of the network immediately following polymerization also significantly 
decreases as a function of cycle (p<0.0001 for 5 and 20 wt% gels). 

Notably for the 5 and 10 wt% formulations, this 𝜆, ratio decreases with increasing SE through 

SE 10. This further supports that the new polymers introduced are in a much-reduced stretched 

state. For 𝜆 to stay the same, the chains in the initial network, must then become increasingly 

stretched.  

Collectively, the mechanical and swelling behaviour of PEG hydrogels formed via 

multiple SE cycles are largely dominated by the initial network. With the presence of free 

reactive groups after hydrogel formation, the initial network continues to grow with subsequent 

cycles. This led to a higher modulus and subsequent higher toughness due to the presence of 
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more crosslinks. However, as the chains in the initial network become more stretched with 

subsequent cycles, they require less force to break and thus dissipate lower energy during 

failure.21,36 Indeed, we observed a decrease in toughness with increasing SE cycles from ~2-4 to 

10. While interpenetrating networks are likely present, our data suggest that they are at a 

sufficiently low crosslink density and thus unable to contribute to the mechanical properties and 

notably toughness. Additional studies, however, are required to experimentally verify the exact 

nature of the networks formed using this SE approach. 

4.5 Conclusion 

Using a single precursor solution, the modulus and toughness of PEG hydrogels was shown to 

increase by 5-10x by in-swelling and polymerizing new macromer into an existing polymer 

network. Our data point to the initial network that forms during the first few SE cycles as 

dominating the macroscopic behavior of the hydrogel.  This approach offers an elegant solution 

to spatially patterning mechanical properties in a biocompatible hydrogel. Because substantial 

material property changes can be achieved after 2-4 SE cycles, the small length scales of 3D 

printing (10s of µm) enable fabrication of mechanically diverse structures. Though the hydrogels 

tested here were not designed to bear forces sustained by native articular cartilage tissue, we 

offer a method to substantially increase the modulus and toughness of biocompatible hydrogels 

for tissue engineering applications.  
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Chapter 5- Photopatterned Variable-Modulus Hydrogel  

5.1 Executive Summary 

Employing the technique developed in Chapter 4 with the same cytocompatible photo-clickable 

solution, this chapter presents photopatterned hydrogels with locally enhanced mechanical 

properties using a single precursor solution formulation. To measure the concentration of mobile 

monomer attachment to the network, a quantitative confocal fluorescence microscopy technique 

is developed and applied to samples illuminated with variable intensity and exposure times. 

These data are then compared to the models presented in Chapter 3 to predict the concentration 

of attached species and differential swelling across the photopattern as a function of exposure 

time and intensity. Finally, combining the bulk properties measured in Chapter 4 with the 

known, printed species concentration, a model to predict the modulus across the photopattern is 

shown and compared to atomic force microscopy elastic modulus measurements across the 

photopatterned hydrogel. This comparison qualitatively validates the use of the predictive model 

and the single-precursor-solution technique to fabricate locally-defined, variable modulus 

hydrogels.    

5.2 Introduction 

As discussed in Chapter 3, spatial control of mechanical and chemical properties in regenerative 

constructs is required to recapitulate the extracellular environment of cells during tissue 

formation. Research demonstrates that stem cell development is significantly affected by their 

local extracellular environment.1,2 For example, by solely changing the stiffness of the hydrogel 

surrounding mesenchymal stem cells (MSCs), cells exposed to an extracellular environment with 

a modulus of ~190 kPa preferentially differentiated into bone precursor cells while MSCs 

exposed to and environment of ~80kPa differentiated into cartilage precursor cells.3 Therefore, 

the ability to locally define the mechanical properties that cells experience will enable spatial 

control of cellular differentiation and proliferation.3–7  

Because switching printing resins is nontrivial for SLA systems and is cytotoxic, I 

demonstrate a technique to locally modify the mechanical properties of a cytocompatible 
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hydrogel using a single printing solution. A hydrogel is photopolymerized followed by in-

swelling of fresh precursor solution into the existing network. This technique uses a precursor 

solution with functional groups at an off-stoichiometry ratio of 0.5:1. The initial hydrogel thus 

has unreacted groups to which fresh monomer will react when photopatterned in later cycles. 

Bulk hydrogels with variable mechanical properties were fabricated in Chapter 4 using this 

technique.  Here the same technique in the SLA-AM photopatterning system is applied to 

produce spatially-controlled variable modulus hydrogels, measured using both confocal 

fluorescence microscopy and atomic force microscopy to determine the thiol concentration 

across the pattern and elastic modulus, respectively. In addition, the model presented in Chapter 

3 predicting photopattern fidelity is then compared to the fidelity of the photopatterned 

hydrogels. The elastic modulus across the photopatterned hydrogels was then determined using 

atomic force microscopy and compared to the expected modulus, which was predicted by 

combining the bulk hydrogel properties in Chapter 4 with the thiol concentration across the 

photopatterned hydrogel. 

5.3 Experimental Procedure 

5.3.1 Materials 

Poly(ethylene glycol) dithiol (PEG-dithiol (Sigma Aldrich, MW 1,000 Da), poly(ethylene 

glycol) thiol (tripentaerythritol) (JenKem USA, 8ARM-PEG-SH, MW 10,000 Da), lithium 

phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (Colorado Photopolymer Solutions), and 

fluorescent molecule maleimide AlexaFluor-546 (Sigma Aldrich) were used as received. 5-

norbornene-2-carboxylic acid (NB) (Sigma Aldrich) was conjugated to poly(ethylene glycol) 

amine (PEG-NH2) (JenKem USA, 8arm PEG amine, HCl salt, MW 10,000 Da) at room 

temperature (RT) under an argon purge to produce poly(ethylene glycol) norbornene (PEG-NB). 

13 This was done by dissolving PEG-NH2 (10 g) in dimethylformamide (DMF) (15mL) and 

dichloromethane at 1:1 ratio to which the solution containing 4-molar excess NB (4.42g), 2 

molar excess 2-(1H-7-Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate 

methanaminium (HATU, AKSci) (9.12g), and 2 molar excess N,N-diisopropylethylamine 

(DIEA, Sigma) (6.2 g) was reacted with for 48 hours. The solution was precipitated in diethyl 

ether, dialyzed four times with diH2O over two days, and lyophilized. The resulting 8-arm PEG-



67 

NB product conjugation of 99% (percentage of NB conjugated PEG arms), referred to herein as 

PEG-NB. The degree of norbornene conjugation was determined by 1HNMR (Bruker AV-III 

400) by comparing the area under the peak for the allylic hydrogen closest to the norbornene 

bridged cyclic hydrocarbon group (resonance from ~3.1 to 3.2 ppm) to the area under the peak 

for the methyl groups in the PEG backbone (resonance from ~3.4 to 3.85 ppm), see Figure 4.2 

for 1HNMR spectrum. Macromers were dissolved in phosphate-buffered saline (PBS) (OmniPur, 

Calbiochem). 

5.3.2 Photopatterned Sample preparation 

The bulk hydrogel precursor solution was synthesized by combining 8.55 wt% 10kDa PEG-NB 

by mass to phosphate buffered saline and allowed to mix overnight at 3 degrees C. Immediately 

prior to photopolymerization, 1.45 wt% 1kDa PEG-dithiol was added to the NB solution with 

0.05 wt% LAP to produce an effective 10 wt% monomer concentration. The photopatterning 

precursor solution was synthesized using the same method except the thiol fluorescent tag, 

AlexaFluor 546, was reacted with PEG-dithiol overnight at 3 degrees C in a 1:3000 functional 

group ratio, which ensured the fluorescent tag did not affect the final material properties 

significantly.  

As shown in Figure 4.1, the precursor solution was deposited between a methacrylate 

coated glass slide (Cell Associates) and a RainX coated coverslip with 12.5 µm shims and 

secured using clips. The methacrylated sample substrate was used to ensure covalent bonding to 

glass, while the RainX was used to reduce adhesion between the fabricated hydrogel and the 

coverslip. The sample was flood-polymerized for 2 minutes using a collimated mercury lamp 

source at 30 mW/cm2 to ensure uniform, full conversion, the sample was swollen for ~1 hour 

with the fluorophore-labeled precursor solution applied from the edges and then immediately 

photopatterned at 20 mW/cm2 using the stereolithography (SLA) system described in Chapter 2. 

Actuators position the sample to enable 24 different exposures with exposure times of 7.5-25s in 

2.5s increments, 30s, and 35s. Because the most significant change in mechanical properties was 

achieved after a single in-swelling and exposing cycle in Chapter 4, only a single cycle was used 

here.  

To confine photopatterning analysis to one dimension for simple comparison to the 

model presented in Chapter 3, the samples were exposed with a 1.03 mm by 1.99 mm rectangle 



68 

photopattern for a range of exposure times (s). Features were patterned using three exposure 

intensities (I= 5, 10, and 20 mW/cm2) to investigate the relationship between 𝑑> and intensity. To 

probe if the hydrogel chemistry has reciprocity, where equivalent doses (exposure time X 

intensity) result in equivalent polymerization, i.e., texp(20 mW/cm2)= 2texp(10 mW/cm2), each 

intensity was probed over a range of doses (20, 50, 100, 150, 200, 250, 300, and 400 mJ/cm2). 

Immediately following photopatterning, the samples were placed in a bath of deionized (DI) 

water for 24 hours to remove all unreacted monomer and finally stored in a light-proof container 

to prevent the fluorophore from photo-bleaching.  

Photopattern fidelity was probed using the same patterning technique discussed above, 

changing only the photopattern, which was designed with a range of feature widths (10-210 µm) 

and feature separation distances (~20-100 µm). The varied widths and separation distances in the 

pattern explored both the critical dimension of the photopatterning system and the effect that 

feature proximity has on adjacent feature development. All samples were then imaged using 

confocal fluorescence microscopy, and samples patterned using the resolution photomask were 

additionally probed using atomic force microscopy. 
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Figure 5.1 Schematic of the sample preparation, in-swelling with the fluorescently-tagged thiol 
precursor solution, and then photopatterning using the SLA-AM system from Chapter 2. 

5.3.3 Confocal Fluorescence Microscopy 

The samples were imaged on a confocal microscope using a 10X water immersion 

objective. Various detector gains (DG) were required to match the fluorescence of the samples.  

Calibration curves were developed for each DG such that concentration of fluorophore and thus 

thiol concentration could be calculated from the confocal images. 

To develop the calibration curve, five concentrations of fluorophore (0.1, 0.05, 

0.01,0.001, and 0.0001 mM) were imaged by sweeping through all viable DG values, keeping all 

other imaging conditions constant (e.g., pinhole diameter, amplifier offset, etc.). The upper and 

lower bounds for the DG values probed were the highest value at which the detector did not 

saturate and the lowest DG value with a detectable signal, respectively. The images at each DG 

value were processed by taking a full-field average and standard deviation of the fluorescence 

intensity across the image.  

The average fluorescence intensity, reported as a digitized photocurrent from the 

detector, was then normalized by the level (256) and plotted as a function of DG for each 

fluorophore concentration tested, shown in Figure 5.2. Each curve was then fit to a power law.  

The resulting calibration curves and R2 values of the fits are reported in Table 5.1. The DG 

values used to image the samples taken on a given day were then used to calculate the 

concentration of fluorophore present in order to produce the observed fluorescence intensity 

(Figure 5.2). A linear regression analysis was conducted using the plotted fluorescence intensity 

vs. fluorophore concentration and the representative linear equations for each DG value used in 

sample imaging, shown in Table 5.2. The linear regression fit equations were used to calibrate 

the concentration of fluorophore that is present in the photopattern at each given DG value. This 

concentration was then multiplied by the known ratio of fluorophore to thiol (3000) to calculate 

the concentration of photo-attached PEG-dithiol present in the imaged sample. The same thiol 

concentration baseline was used for each photopattern, which was determined by imaging an 

unexposed region of the hydrogel adjacent to the photopattern confocal fluorescence microscopy. 
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Figure 5.2 Fluorescence intensity calibration curves with the power fit analyses plotted over the 
observed intensity values at each fluorophore concentration (blue=0.1 mM, orange = 0.05 mM, 
gray=0.01 mM, yellow=0.001 mM, and green=0.0001 mM), where the dashed line indicates the 
power model and the error bars indicate one standard deviation.  

 

Table 5.1 Power fit analyses used to extrapolate from the observed fluorescence intensities at a 
given DG to include values beyond the graylevel range of the confocal photodetector with R2 to 
represent the goodness of fit.  
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Figure 5.3 Fluorescence intensity plotted versus known fluorophore concentration, from which a 
linear fit of each data set was used to determine photopatterned fluorophore/thiol concentration 
(dotted line).  

 

Table 5.2 Working curve calibration equations used to determine the fluorophore and thus thiol 
concentration in the photopatterned region of each sample, where R2 was used to validate the 
model as a representative curve for the data. 

The attached thiol concentration measured by the fluorescent method described above 

was then correlated to a measure of crosslinking density to predict an increased modulus at each 

location using the properties of the single SE cycle bulk gels measured in Chapter 4. The bulk 

hydrogels were fabricated with four different functional group ratios of thiol:norbornene (0.25:1, 

0.5:1, 0.75:1, and 1:1) and their compressive moduli (E>) were found to increase linearly with 
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increased thiol concentration [SH] (E> = 1.44 SH − 42 with Rx = 0.98). Assuming only thiol 

species diffuse in and attach to the existing matrix, Figure 5.4 shows the predicted modulus 

increase with increased thiol concentration within the hydrogel. This model combines data 

presented in Figure 4.6 with the thiol concentration, [SH], obtained from confocal fluorescence 

images to predict the modulus increase with increased thiol concentration. Though the 

compressive modulus presented in Chapter 4 for the bulk materials is not precisely equivalent to 

elastic modulus, here they are treated as equivalent. The elastic modulus of these photopatterned 

hydrogels was then found using atomic force microscopy and compared to the expected moduli. 

 

 

Figure 5.4 Plot displaying the predicted relationship between increased thiol concentration in the 
photopattern ([SH]p) and increased modulus, where the arrow indicates the elastic modulus and 
thiol concentration for bulk hydrogel samples fabricated using equivalent precursor solution 
formulation to the photopatterned samples (10wt% monomer, 0.5:1 thiol: norbornene). 

5.3.4 Atomic Force Microscopy 

Atomic force microscopy (AFM, Asylum Research MFP 3D Classic AFM) was used to 

determine the elastic modulus of the photopatterned hydrogels. AFM was conducted in two 

modes, one to image the surface topography and the other to probe the hydrogel elastic modulus. 

These two modes combine to produce a representative map of the hydrogel elastic modulus 
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across the sample and the corresponding surface topography, which captures surface 

contamination that can influence elastic modulus measurements. 

 Contact Mode AFM was used to image the photopatterned hydrogel surface 

topography.8–10 In this mode, the AFM cantilever physically contacts the sample and remains in 

contact as it scans across the surface, maintaining a constant force. As the cantilever encounters a 

topographic depression, the voltage and subsequent measured force drops, which requires the 

cantilever to translate down to maintain constant force. Displacement of the cantilever measured 

by the optical feedback system produces a topographic map of the sample. 

Force Volume Mapping was used to determine the elastic modulus of the photopatterned 

hydrogels.11 This technique requires the cantilever to physically detect the surface and indent a 

user-defined distance into the sample. The cantilever detects the insertion force as a function of 

indentation depth using a position sensitive detector, producing a stress versus strain curve.11 

With soft (10s kPa), adhesive hydrogels it is critical to ensure the cantilever sufficiently releases 

from the sample surface to obtain valid force curve information. These force curves are then run 

through a fitting routine using the Hertz Model to extract the elastic modulus.12 90 X 90 µm 

AFM scans were digitally combined to produce a 25 µm by X measurement of the ~1300 x 1300 

µm photo-pattern . The image scan-size for the topographic mapping in Contact Mode was 25 X 

90µm (128 by 128 pixels or 16,384 total pixels probed). The same scan-size was used for the 

force map (25 X 90µm), but the pixels probed decreased to 264 (8 by 33 pixels) to decrease total 

probing time. All data was processed through a Savitsky-Golay digital smoothing filter that 

enhances the signal to noise ratio without greatly affecting the signal, which is low due to surface 

variability and contaminants (e.g., air bubbles, delaminated hydrogel, etc.).13 

5.3.5 Photopattern intensity characterization 

The intensity across the photopattern region of the SLA-AM system was characterized to ensure 

uniform photopatterning. The average intensity variation across the photopattern was ~5% with a 

maximum roll-off of 15% at one photopattern corner, as shown in Figure 5.5 at the intersection 

of the dashed purple and dashed orange lines that indicate where the intensity profile was taken. 

This characterization quantifies that any anomalous features in the photopatterned hydrogel were 

not due to non-uniform intensity. 
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Figure 5.5 Surface plot of the photopattern intensity variation across the exposure field with the 
dashed lines indicating the region at which the intensity variation was probed, where yellow = 
top, gray = center-horizontal, orange = bottom, blue = left, green = center-vertical, and purple = 
right. The plots to the right display the percent change in intensity as a function of distance 
across the photopattern at the probed regions described previously, with the inset image 
displaying the 2D intensity output on the sample plane where the dashed lines further highlight 
the regions probed. 

 

5.4 Results and Discussion 

5.4.1 One-dimensional photopattern characterization 

Three distinct features are observed in the photopatterned hydrogel when the thiol concentration 

across the photopattern edge is plotted for each exposure time and intensity, where profiles were 

taken through the center of the photopattern and represent the average of 100 pixels (Figure 

5.6a). (I) The thiol concentration inside the photopattern edge ([SHp]) is greater than the initial 

thiol concentration ([SH0]) in the precursor solution. (II) The thiol concentration falls off rapidly 

as a function of distance from the photopattern edge. (III) The thiol concentration peak is located 

a distance inside the photopattern, away from the photopattern edge.   



75 

 

 



76 

 

Figure 5.6 (a) Stitched confocal fluorescence images of the photopatterned sample where the 
green dashed box indicates the region where the fluorescence was taken and averaged and the 
blue dashed box image shows the visible pixels in the sample. (b-d) Thiol concentration in the 
precursor solution plotted as a function of distance across the sample for varied exposure time t 
and for (b) I=20 mW/cm2, (c) I=10 mW/cm2, and (d) I=5 mW/cm2. Each color represents the 
same amount of energy delivered to the photopattern across each sample, where dashed cyan=50 
mJ/cm2, magenta= 100 mJ/cm2, royal blue=150 mJ/cm2, red= 200 mJ/cm2, green= 250 mJ/cm2, 
black= 300, mJ/cm2, and cyan= 400 mJ/cm2. The orange horizontal line indicates the 
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concentration of thiol in the initial formulation and the dashed yellow line indicates the boundary 
of the photopattern, where everything left of the line was exposed to the indicated intensity 405 
nm light. 

 The enhanced thiol concentration at the photopattern edge, Feature I, is visible for all 

exposure intensities (Figure 5.6b-c). Depletion of thiol monomer inside the photopattern 

generates a chemical gradient that causes thiol monomers outside of the photopattern to diffuse 

in during polymerization. The distance thiol monomers can diffuse into the photopattern before 

reacting given a set of experimental conditions is modeled in Chapter 3 as 𝑑> ¡ and is 

represented by the distribution of thiol at the photopattern edge. The enhanced concentration of 

polymer at the edges of exposures is documented in the holographic photopolymers community 

and is referred to as Zhao-Mouroulis ‘horns’, which appear when diffusivity in the polymer 

matrix is lower than polymerization reactivity.14 Figure 5.7 is a plot by Zhao et al. demonstrating 

the formation of enhanced polymer concentration at photopattern edges, as indicated by the 

parameter R, which is proportional to D/𝑘F, where D is monomer diffusivity and 𝑘F is the 

polymerization reaction reactivity.14  

 

Figure 5.7 Plot by Zhao et al. depicting the polymer distribution as a function of distance across 
a photopattern, where R ∝ D/𝑘F, indicating the formation of so-called ‘horns’ at the 
photopattern edges when diffusivity is comparable or slower than the rate of polymerization.14 

The full-width half max (FWHM) of Feature I is directly comparable to the characteristic 

diffusion-reaction distance (𝑑¢ ¡) modeled in Chapter 3. The ‘findpeaks’ algorithm in MatLab 

was used to determine the location, full width half max (FWHM), and prominence of the peak 

concentration at the photopattern edge as a function of varied exposure time and intensity. For 
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each intensity, the FWHM of the enhanced edge varied little with respect to exposure time (10%, 

3%, and 16% for I=5, 10, and 20 mW/cm2, respectively), observing solely an increased peak 

amplitude with increased exposure time, as shown in Figure 5.6b-d and represented by the error 

bars in Figure 5.8. 

The input parameters used to model the characteristic distance a species can diffusing 

before reacting were the documented values for thiol:norbornene the termination coefficient 

(𝑘+ = 3	x	10Ù M-1s-1) and the documented values for the diffusion coefficient of similarly-sized 

PEG molecules diffusing through a comparably crosslinked network (𝐷 ¡ = 85 µm2s-1).15,16. The 

propagation/chain transfer coefficient is the sole parameter fit in the model at a value of 𝑘F =

𝑘¢£ = 1.3	x	10Ú M-1s-1, which is well within range documented in the literature (𝑘F = 𝑘¢£ 

between	1	x	10Û- 3.1	x	10Ú M-1s-1).17,18   

The standard deviation of the FWHM of the enhanced thiol concentration peak at each 

intensity and exposure time fell within or just outside of 90% confidence bounds of the modeled 

characteristic distance a thiol monomer diffuses into the photopattern before reacting (Figure 
5.8). Slight variations of the model from experiment could be an artifact of using FWHM as a 

representative measure of feature width, which is not perfectly Gaussian and is asymmetric 

(Figure 5.6b-d). This model can therefore predict the width of the enhanced thiol concentration 

at the photopattern edges for the thiol-ene hydrogel system used, which can then be compensated 

for or exploited to precisely control photopatterned mechanical properties.  
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Figure 5.8 Full-width half max (FWHM) of measured diffusion/reaction distance as a function 
of increased incident I= 5, 10, and 20 mW/cm2 plotted with the model and its 90% confidence 
bounds. Error bars indicate the experiment standard deviation. 

The amplitude of the diffusion-reaction peak and thus thiol concentration is also 

dependent on the combination of incident intensity and exposure time. Due to the slower 

diffusion rate of the larger PEG-NB with respect to the PEG-dithiol monomer, equivalent doses 

at different intensities result in different concentrations of PEG-dithiol at the photopattern edge.15 

At lower intensities, both PEG-NB and PEG-dithiol diffuse into the photopattern, providing a 

higher concentration of PEG-NB reactive sites to which diffusing PEG-dithiol reacts, as shown 

in Figure 5.6b-d.  This effect is reflected in the thiol concentration profiles, where Figure 5.6b-d 

plotted lines of the same color indicate the same exposure dose. For equivalent doses, the thiol 

concentration at the photopattern edge builds up by a larger concentration for lower intensities, 

where [SH]I=5  > [SH]I=10 > [SH]I=20 while the thiol concentration at the photopattern center 

reaches a maximum of [SH]0 and remains constant (Figure 5.9). Though PEG-dithiol is solely 

modeled, these data support the hypothesis that this is not a reciprocal system with respect to 

exposure time and intensity.    
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Figure 5.9 Thiol concentration normalized to concentration of thiol in the precursor solution 
plotted as a function of exposure time for I= 5 (yellow), 10 (red), and 20 mW/cm2(blue) 
measured at both (a) the center and (b) the edge of the photopattern, where equivalent energy 
doses are labeled with numbers 1-7 for reference. The inset fluorescent images and green dashed 
line indicate the location at which the data were taken for each plot.  
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 The second feature of note, Feature II, is the low thiol concentration immediately outside 

of the photopatterned region. Thiyl radicals are produced within the photopattern, which produce 

a chemical gradient that drives the diffusion of radicals out of the pattern. The distance thiyl 

radicals can diffuse out of the photopattern before reacting with the surrounding matrix is the 

characteristic diffusion-reaction distance modeled in Chapter 3 (𝑑> ∙). Though the reactivity and 

diffusivity of the thiyl radicals and thiol monomers are constant, the high concentration of 

norbornene groups outside the photopattern reduce the characteristic distance by 103, where 

𝑑> ∙ ≈ 50nm. This distance informs the ability to pattern high-fidelity features because it 

governs the distribution of polymer outside of the photopattern. High-fidelity features are 

achievable with the thiol:norbornene hydrogel chemistry used here given the short characteristic 

diffusion-reaction distance of thiyl radicals. 

The third distinct feature, Feature III, is the movement of the thiol concentration peak 

away from photopattern edge. Figure 5.10 displays two confocal fluorescent microscope images 

of the photopatterned hydrogel taken at a two detector gains, one where the detector is not 

saturated and one where the detector is saturated. The saturated image displays the distinct 

photopattern edge with the predicted rapid thiol concentration decrease and the unsaturated 

image displays the enhanced thiol concentration edge. When the two images are overlaid, the 

thiol concentration peak is distinctly shifted inside of the photopattern boundaries (Figure 5.10). 

 

Figure 5.10 Confocal fluorescent microscope images displaying the original, unsaturated image, 
the saturated image, and then an image of the original and saturated images overlaid. The 
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overlaid images demonstrate the movemeFigure 5.10nt of the edge of enhanced thiol 
concentration (dotted line) moving away from the photopattern edge (dashed line). 

Chapter 3 modeled the effects of differential swelling as a result of increased crosslinking 

density, and Chapter 4 verified that bulk hydrogels polymerized using the same experimental 

conditions displayed a decrease in their equilibrium swelling ratio with increased swelling and 

exposing cycles. This result indicates that hydrogels fabricated using this precursor solution 

become less able to be swollen with increased crosslinking density. Therefore, the movement of 

the thiol concentration peak can be attributed to the differential swelling caused by increased 

crosslinking within the photopattern.  

Using the linear deformation from the bulk hydrogels presented in Chapter 4 that 

underwent zero diffusion-exposure cycles (𝜆L) and those that were swollen with fresh precursor 

solution and polymerized (𝜆³), the expected linear deformation ratio is  𝜆³/𝜆L = 0.96. Given 

this ratio and a photopattern half-width of 0.99 mm, the photopatterned hydrogel is predicted to 

shrink inward by 39 µm. For all photopattern intensities, the FWHM of depleted thiol 

concentration region generated by the shifted peak was between 30-50 µm, which is in 

agreement with the differential swelling effect modeled in Chapter 3. This model does not 

account for increased crosslink density at the photopattern edges, which can cause increased 

differential swelling in these regions. The enhanced crosslinking density causes the feature to 

shrink by a larger percent than the assumption of uniform crosslinking, which is most 

representative at the center of the photopattern.  

Features photopatterned in materials with reaction-induced differential swelling require 

exposure times shorter than the propagation time or the swelling will deform the matrix during 

photopolymerization and significantly blur the features. This deformation affect is demonstrated 

by the enhanced thiol concentration at the photopattern edge getting pulled away from the true 

photopattern edges. If this criterion is met, the photopatterned hydrogel will still be distorted by 

differential swelling. There are two mechanisms to avoid the build-up of species at the 

photopattern edges, representing an increased crosslinking density, (1) the total species 

conversion must be reduced or (2) diffusion rate and polymerization time must be significantly 

different. Though thiol and norbornene are highly reactive, the low concentration of total species 

increases the polymerization time, which allows diffusion to occur during polymerization. If all 
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criteria are met, hydrogel structures can be photopatterned with resolution and fidelity limited by 

the diffusion reaction transport distance, which is ~100s nm. 

These three features have distinctly different scales, shapes and temporal dynamics. 

Feature III develops when the equilibrium water concentration is disrupted, which occurs 

immediately once the swollen hydrogel is illuminated. Feature I occurs only after significant 

monomer is consumed to produce a chemical gradient driving monomer diffusion into the 

photopattern. Feature II also develops once a significant concentration or radicals are generated, 

but is negligible due to the short characteristic diffusion-reaction distance. Because Feature III 

reduces [SH] at the pattern edge, while Feature I increases the edge concentration, balancing 

these two effects at intermediate times will allow them to roughly compensate for one another, 

although with a shift due to continued shrinkage. 

5.4.2 Photopatterned hydrogel 

Hydrogels were exposed to the two patterns shown in Figure 5.11 using an illumination intensity 

of 20 mW/cm2. The resolution pattern shown on the top left probes both the minimum feature 

size and the resolution of the hydrogel patterning system, while the grid pattern probes the 

interaction between closely patterned, repeating features (Figure 5.11). Line widths in the left 

pattern were 210, 105, 52, 26, 13, and 10 µm labeled 1-6, respectively, at two spacing distances 

of 78 µm (left) and 39 µm (right). The grid pattern was ~50 X 50 µm squares separated by ~50 

µm. Due to the rotated orientation of the DMD pixels and the algorithm that translates the bitmap 

into DMD pixels, half of the squares are larger by a pixel width, as shown in Figure 5.11.  
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Figure 5.11 Photopattern of both the resolution pattern and the grid photopattern with the 
subsequent confocal fluorescent microscope images of the photopatterned hydrogel, 
demonstrating both the high-fidelity features. Resolution pattern lines 1-6 are 210, 105, 52, 26, 
13, and 10 µm, respectively, on the sample plane. The scale bar designates 100 µm. 

Pixel-limited resolution (~10 µm) features were fabricated using the SLA-AM system 

with an exposure time of 25s at I=20 mW/cm2, as demonstrated by the saw-tooth pattern along 

the photopattern edge representing the diagonal, rotated DMD pixels (Figure 5.12). As predicted 

by the one-dimensional photopatterning analysis, high-fidelity photopatterning is achievable 

using this SLA system due to the short diffusion-reaction distance (~50 nm) of the thiyl radicals, 

which preserve the photopattern edge. Also visible in Figure 5.12 is the enhanced thiol 

concentration at the photopattern edge due to the ~30 µm diffusion reaction distance of thiol 

monomer. This is the first demonstration of pattering low solids content hydrogels (10 wt%) at 

the 10 µm length-scale without the addition of viscosifiers or cytotoxic concentrations of 

photoinitiator.  
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Figure 5.12 Confocal fluorescent microscope image of hydrogel photopatterned for 25s at I=20 
mW/cm2 demonstrating high-fidelity photopatterning capability with pixel-limited resolution. 
The short characteristic distance for thiyl radicals diffusing out of the photopattern (𝑑> ∙) enables 
high fidelity patterning while enhanced thiol concentration at the photopattern edges is enabled 
by a longer characteristic reaction-diffusion distance of thiol species diffusing into the 
photopattern (𝑑> ¡). 

Figure 5.13a further demonstrates the ability to photopattern repeatable, high-fidelity 

structures within a single photopattern as a function of exposure time due to the nanometer-scale 

diffusion-reaction distance of thiyl radicals. As hypothesized, thiol concentration increases with 

increased exposure time, demonstrated by the increasing fluorescence images indicated by the 

varied detector gain values required to obtain an unsaturated confocal microscopy image in 

Figure 5.13b. As the photopattern develops with exposure time, the high-fidelity photopatterns 

exposed for texp	> 17.5s show signs of the pixels at the photopattern edges (Figure 5.13b).  
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Figure 5.13 (a) Confocal fluorescent image of photopatterned ~50 µm by ~50 µm grid exposed 
30 s, displaying uniform photopatterning. Grid irregularity is an artifact of the software 
conversion of the bitmap photopattern to the programmable photomask. (b) Array of zoomed-in 
images of the grid photopattern exposed for nine different exposure times, noted above each 
image with the detector gain use to capture each image located to the left. The scale bar for all 
images indicates 100 µm. 
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The average thiol concentration at the center of the squares in the grid photopattern were 

taken for each exposure time and plotted as a function of exposure time to determine the 

relationship between the two for small patterns (~50 µm) (Figure 5.14). For the first five 

exposure times the increased thiol concentration follows an approximately exponential trend 

after which the concentration increase slows an equilibrates after texp≈ 25 s (Figure 5.14). 

Because the average was taken at the center of the photopattern, this equilibration is likely due to 

the depletion of monomer in the unexposed regions between the grid of squares. This result 

highlights the importance of feature placement within the desired photopattern because features 

at the edges have an influx of newly diffused monomer while features at the center do not. The 

combination of the SLA-AM instrument and fluorescent testing enables control and 

measurement of thiol attachment throughout the photopattern to within ±1.5 mM. 

 

Figure 5.14 Plot depicting the average thiol concentration (mM) at the center of a series of 
squares in the grid photopattern versus exposure time (s) with the one standard deviation plotted 
(n=20). 
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Figure 5.15 (a) Attached thiol concentration as a function of exposure time. The orange line 
represents the initial concentration of thiol in the precursor solution. (b) Heat-map displaying 
increasing thiol concentration (yellow= high, blue=low) as a function of exposure time and 
distance across the photopattern. (c) Florescence image of hydrogel after a 22.5 s exposure to the 
(d) bitmap photopattern with the green dashed line indicating the where the fluorescence profile 
was taken for (a) and (b). 

Hydrogels photopatterned with the resolution bitmap exhibit the three features modeled 

and observed in the one-dimensional characterization in the previous section (Figure 5.15). 

Feature I, [SH]p	> [SH]0 develops after texp = 12.5s, indicating the time at which significant 

depletion of thiol monomer occurred within the photopattern to drive diffusion of fresh monomer 

into the illuminated region (Figure 5.15a-b). Feature II, rapid decrease in thiol concentration 

beyond the illuminated photopattern edge, becomes apparent after texp = 17.5s where the pixels 

begin to be visible at the center of the photopattern, indicated by the smallest pattern, width 6 

(Figure 5.15b).  

Feature III, the movement of the enhanced thiol concentration edge, occurs almost 

immediately where at texp = 10s the thiol attaches considerably inside of the intensity width (>30 

µm at outermost photopattern edge), but thiol attachment at the outermost pattern edge is 
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negligible beyond ~50 nm (Figure 5.15a-b). If this feature development was due to thiyl radical 

diffusion out of this micron-scale region, an equal concentration of attached thiol would be 

visible at a similar length scale, which is not observed and is predicted from Feature II. 

Therefore, this edge movement is caused by differential swelling due to the equilibrium swelling 

ratio changing as a function of increase thiol concentration, as observed in the one-dimensional 

studies. The largest line-widths (1 and 2) are less able to be swollen due to the higher thiol 

concentration and thus crosslinking density and thus contract, effectively causing nearby features 

to appear to move closer to them (Figure 5.15b, texp = 10, 12.5, 15, and 17.5 s). Because the thiol 

concentration profile was taken through the center of the photopattern, enhanced concentration at 

the pattern edges is due to unexposed monomer between the widths diffusing into the pattern. 

Thus, the features appear to contract towards the photopattern center occurs only until the 

unexposed monomer in between the widths is depleted, as evident after 20s between the largest 

widths and at 35s for the smaller widths (Figure 5.15b). The relationship between maximum 

thiol concentration, photopattern differential swelling, and the size and proximity of photopattern 

can be exploited to fully control the spatial distribution of thiol concentration and thus 

mechanical properties, though more experiments are required to adequately do so.  

 

5.4.3 Atomic Force Microscopy 

Atomic force microscopy was then used to determine the elastic modulus across the hydrogels 

photopatterned with the resolution bitmap to understand at what exposure time and to what 

magnitude does the modulus increase develop, which was then compared to the predicted 

modulus using the model presented in Section 5.3.5. Increased thiol concentration is 

hypothesized to lead to increased elastic modulus. To test this hypothesis, photopatterns exposed 

for 15, 20, 25, and 35 seconds were probed using AFM to map the material response to varied 

exposure times. The expected modulus was calculated from the confocal fluorescence data 

(Figure 5.15) and the bulk studies (Figure 4.6) and was then plotted against the experimentally 

determined modulus of each sample.  

The photopatterned modulus increase for a 15s exposure was significant for the largest 

photopattern widths (100-150% increase), though the smallest features do not show significant 

increases, as anticipated by the minimal thiol concentration present in these regions (Figure 
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5.16). The theoretical, expected modulus increase given the concentration of thiols present in the 

hydrogel was ~2X greater than the modulus measured (Figure 5.16). However, the model 

operates under the assumption that all species are in macromer, un-polymerized form, thus 

allowing for uniform conversion all species as demonstrated by previous studies using 

thiol:norbornene reactions.17 Because the hydrogel is initially a crosslinked network with an 

~50% excess norbornene concentration with additional crosslinks formed only after the network 

is swollen with new species and polymerized, is realistic for the modulus to be lower than the 

model. The model does not predict for sterically hindered species that become immobilized in 

the photopatterning process, which can lead to an artificially high modulus increase. The model 

does qualitatively predict the shape and approximate magnitude of the photopatterned features. 

 

 

Figure 5.16 (a) Graph depicting the (left) elastic modulus (kPa) of the photopatterned hydrogel 
(texp =15 seconds, I=20 mW/cm2) filtered data (Savitsky-Golay), with (right) the thiol 
concentration profile overlaid to highlight the enhanced modulus locations. (b) Image of the 
stitched AFM elastic modulus data, where yellow indicates enhanced modulus and black lower 
modulus, and (c) is a section of the projected photopattern bitmap to further emphasize enhanced 
modulus location. 

Similarly, hydrogels photopatterned for 20s exhibited an increased modulus that matches 

the exposure pattern with all patterned regions translating into an increased modulus (Figure 

5.17). While the modulus, again, falls below that of the model, the initial condition assumptions 

bias the model to over predict the modulus because the attached fluorophore does not function as 

a crosslinking agent and solely binds to a single site. However, the fluorescence concentration 

with respect to total thiol functional groups was kept sufficiently low to not influence 
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crosslinking. The presence of increased modulus at the edges of Feature 1-1 are the first 

appearance of the diffusion/reaction or Zhao-Mouroulis ‘horns’ translating directing into 

increased elastic modulus. The model qualitatively predicts the increased modulus with increased 

thiol concentration, capturing both the modulus of each photopatterned region and the enhanced 

modulus at the pattern edges (Figure 5.17).  

 

 

Figure 5.17 (a) Graph depicting the (left) elastic modulus (kPa) of the photopatterned hydrogel 
(texp =20 seconds, I=20 mW/cm2) filtered data (Savitsky-Golay), with (right) the thiol 
concentration profile overlaid to highlight the enhanced modulus locations. (b) Image of the 
stitched AFM elastic modulus data, where yellow indicates enhanced modulus and black lower 
modulus, and (c) is a section of the projected photopattern bitmap to further emphasize enhanced 
modulus location. 

 Hydrogels photopatterned for 25s have an elastic modulus that maps directly to the 

exposed photopattern and matches the theoretical modulus both in shape and in magnitude for 9 

of the 11 patterns (Figure 5.18). Longer exposure times allow sufficient time for not only the 

thiol component to diffuse into the photopattern region, but also the norbornene monomer 

because the larger, norbornene monomers diffuse at a slower rate than the thiol monomers. This 

generates an increased concentration of binding sites to which sterically hindered thiol react and, 

thus, form a higher modulus network than samples exposed for shorter times with low 

concentrations of diffused norbornene monomer. This result demonstrates the ability to locally 

increase the elastic modulus of low-solids-content hydrogels by five times using a single 

swelling and photopatterning cycle.  
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Figure 5.18 (a) Graph depicting the (left) elastic modulus (kPa) of the photopatterned hydrogel 
(texp =25 seconds, I=20 mW/cm2) filtered data (Savitsky-Golay), with (right) the thiol 
concentration profile overlaid to highlight the enhanced modulus locations. (b) Image of the 
stitched AFM elastic modulus data, where yellow indicates enhanced modulus and black lower 
modulus, and (c) is a section of the projected photopattern bitmap to further emphasize enhanced 
modulus location. 

 Hydrogels patterned for 35s and tested using AFM had elastic modulus that followed the 

photopatterned exposure, but in this case, because the sample was exposed for a long duration, 

species had sufficient time to diffuse into the depleted regions between the features. It is 

hypothesized that these species then react with radicals that diffused outside of the photopattern 

due to diminished binding sites, effectively raising the baseline modulus for the sample, reducing 

the contrast between the exposed and unexposed photopattern regions (Figure 5.19). The model 

was not designed to accommodate for this unique situation and therefore does not predict the 

decreased contrast between photopatterned features that was measured. The reaction-diffusion 

features remain and contribute into increased elastic modulus at the edges of the larger 

photopatterns (Figure 5.19).  

This is the first demonstration of locally enhanced elastic modulus in hydrogels using a 

single photopatterned precursor solution. Increased modulus is also detected down to the 

minimum photopattern feature width of ~10 µm. The optimal feature separation and width to 

photopattern features with the highest contrast in modulus at both feature edges is 26 µm feature 

size separated by 78 µm and exposed for 25s, which exhibited a 500% elastic modulus increase. 
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Figure 5.19 (a) Graph depicting the (left) elastic modulus (kPa) of the photopatterned hydrogel 
(texp =35 seconds, I=20 mW/cm2) filtered data (Savitsky-Golay), with (right) the thiol 
concentration profile overlaid to highlight the enhanced modulus locations. (b) Image of the 
stitched AFM elastic modulus data, where yellow indicates enhanced modulus and black lower 
modulus, and (c) is a section of the projected photopattern bitmap to further emphasize enhanced 
modulus location. 

The surface variability for each sample is depicted in the force-curve maps shown in 

Figure 5.16b-Figure 5.19b, where the dark, randomly arranged spots correspond to small 

surface contaminants on the photopattern surface that do not represent the true patterned 

modulus. Minimizing these contaminants by washing the sample prior to testing using purified 

de-ionized water is the subject of future work. 

The topographic features of the sample were also probed using Contact Mode AFM. 

Figure 5.20 displays the feature topography in reference to the photopattern and fluorescent 

image of the sample. The topographic image indicates a correlation between feature separation 

and photopattern swelling, which translates into feature height. Due to the translation of the 

bitmap pixels to the DMD, the spacing between features 1:2 and 3:4 in the left pattern set and 

features 4:5 on the right pattern set have roughly equivalent spacing (~60 µm). Between these 

patterns, a buckling effect was observed, which is represented by a 20% depression at the 

photopattern edges (with respect to the patterned region height) followed by a large bulge (~25 

µm) centered between the patterns. For the photopatterns with the largest spacing (78µm), no 

increased height was observed between the patterned regions, whereas the 39µm spaced features 

(1:2 (left set), and 2:3 and 3:4 (right set)) resulted in a 20% height increase (Figure 5.20). It is 
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hypothesized that the differential swelling that occurs in these low solids content hydrogels 

causes the varied topography measured and is the subject of future work. 

 

 

Figure 5.20 (a) Segment of the bitmap photopattern that was used to photopattern the (b) 
hydrogel imaged using confocal fluorescent microscopy. Where (c) displays a stitched, 
topography image of the shown photopatterned hydrogel, where white indicates the highest 
regions and dark the lowest, resulting in a total height variation of 12 µm. 

5.5 Conclusion 

This chapter presented photopatterned hydrogels with locally enhanced mechanical 

properties using a single precursor solution formulation. A quantitative confocal fluorescence 

microscopy technique was developed to determine local measurement of attached thiol 

concentration across a photopattern and was applied to samples illuminated with variable 

intensity and exposure times. Photopatterning dynamics were first characterized in one 

dimension by exposing the swollen hydrogel to a single, rectangular photopattern.  

Three distinct features were observed in the thiol concentration distribution: (I) [SH]p	> 

[SH]0, (II) negligible [SH] ~50 nm beyond the photopattern edge, and (III) the enhanced [SH] at 

the photopattern edge is shifted inside of the photopattern edge. Feature I was hypothesized to be 

caused by diffusion of thiol monomer into the photopattern during polymerization. Feature II 

was hypothesized to be caused by the short distance thiyl radicals can diffuse before terminating 

on the 103 times greater concentration of unreacted monomer outside of the photopattern. Feature 

III was hypothesized to be caused by reaction-induced differential swelling that occurs when the 

hydrogel becomes more crosslinked causing the equilibrium swelling ratio to change. These data 
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were then compared to the models presented in Chapter 3 to predict the concentration of attached 

species and differential swelling across the photopattern as a function of exposure time and 

intensity. This comparison agreed with all three hypotheses regarding the physical cause of each 

Feature, which informs future work fabricating fully-defined photopatterned hydrogels 

structures. 

Hydrogel photopatterning was then probed in two dimensions using a resolution pattern 

to probe both the critical dimension and the resolution of the hydrogel patterning system and a 

grid pattern probed the interaction between closely patterned, repeating features. The three 

Features observed in the one-dimensional analysis were observed in these two-dimensional 

patterns. The short thiyl diffusion-reaction distance attributed to Feature II yielded high-fidelity 

photopatterns and provided the first demonstration of ~10 µm resolution photopatterning using 

an SLA system with low solids content solution (10 wt%) without the use of viscosifier or 

cytotoxic levels of photoinitiator.  

Finally, combining the bulk properties measured in Chapter 4 with the known, printed 

species concentration, a model to predict the modulus across the photopattern was shown and 

compared to atomic force microscopy elastic modulus measurements across the photopatterned 

hydrogel. This comparison qualitatively validated the use of the predictive model and the single-

precursor-solution technique to fabricate locally-defined, variable modulus hydrogels. This work 

demonstrates photopatterned hydrogels with 5X elastic modulus for ~30µm features, and 

presents this technique as a tool to characterize any photopatternable hydrogel material. SLA is a 

promising technique to fabricate variable modulus materials, and further research that probes a 

range of patternable biomaterials is the focus of future work. 
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Chapter 6 -Projection Stereolithography 3D Printed Hydrogels 

6.1 Executive Summary 

The models of Chapter 2 indicate that out-diffusion of thiyl or carbon-centered radicals into the 

surrounding monomer solution in the dark should have a transport distance well below a micron 

due to the high rate constant of the thiol-norbornene reaction.  This suggests that it should be 

possible to 3D print high contrast thiol-norbornene hydrogel structures that would be impossible 

with acrylate or methacrylate monomers.  This chapter presents the use of the thiol-norbornene 

hydrogel precursor material to form high-resolution (~10 µm) hydrogels with 250 µm, enclosed 

channels using the custom SLA projection printer presented in Chapter 2. This is the first 

demonstration of high-fidelity 3D printed hydrogels using high-water content (90%) precursor 

solution without the use of viscosifiers to decrease solute diffusivity. The 3D printed hydrogel 

channels were then perfused with dye to demonstrate their utility as a fully cytocompatible 

microfluidic device.  

6.2 Introduction 

Three-dimensional (3D) printing is a promising technology to recapitulate different biological 

tissues.1,2 A common printing technique in regenerative medicine utilizes a nozzle-based 

deposition system where a 3D structure is built by depositing a steady flow of material onto the 

substrate, building up 2D cross sections of the desired structure. This allows multiple materials to 

be printed within a single structure, but because the material must be deposited through a nozzle, 

it places significant constraints on the types of materials that are printable. There are specifically 

three restrictive constraints that render it difficult to print a range of biologically relevant 

materials (e.g., elastic moduli between 10 kPa and 10 MPa). The first constraint is the limited 

resolution caused by the minimum diameter of the deposition nozzle, where feature sizes below 

10s µm are not printable.3 The second constraint is that the material must be thixotropic, 

behaving as a fluid when a force is applied and then behaving as a solid once the force is 

removed, which considerably limits the types of materials printed.4 The third constraint is that 
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the printing speed is, itself, defined by the printing material because cells will die if the applied 

force is too high (cell-line dependent), where cell-laden material cannot be deposited rapidly.5  

Stereolithography (SLA) does not have the same limitations as nozzle-based systems. 

SLA offers the flexibility to fabricate variable modulus, cytocompatible structures using a single 

material through simple manipulation of the pattering process, which was demonstrated in 

previous chapters. SLA is currently utilized to fabricate a variety of tissue constructs ranging 

from bone-tissue regenerative medicine to fundamental research probing the development of 

individual muscle fibers.6,7 Though the utility of the technique is demonstrated for a variety of 

regenerative medicine applications, it has yet to be widely adopted by the research community, 

primarily because of the difficulties involved with printing cytocompatible, hydrogel materials. 

SLA 3D printing hydrogels is difficult due their high-diffusion (~10s-100 µm2/s) and 

high water content (50-95%) that allow movement of species outside of and into the desired 

regions during the printing process8–11. Current research in 3D printed hydrogels using SLA 

demonstrates the ability to print a wide variety of cytocompatible materials, highlighting the 

utility of this technique.1,12 Unfortunately, the structures presented are low resolution (100s µm) 

and do not provide evidence of overhanging features with resolution below 500 µm.14–16,13,17,18 

Current research only demonstrates the use of low solids content 10 wt% hydrogels with the use 

of a viscosifier, which can affect cellular development and viability by modifying the 

extracellular environement.19–21 

As discussed in Chapter 2, another defining feature of 3D printing is fabricating 

overhanging structures. This is achieved in an SLA system by utilizing the absorptive properties 

of the printing material to prevent polymerization below the layer thickness.22  However, because 

hydrogels allow material to readily diffuse, radical species (primary, monomers, oligomers, etc.) 

diffuse out of and into the exposure region during polymerization not only transversely, but also 

axially, into the previously fabricated layer. To print hydrogel overhanging structures with 

resolution greater than current research, both diffusion and absorption must be understood and 

subsequently applied.  

Due to the high reactivity of thiol:norbornene reactions discussed and demonstrated in 

Chapters 5, high-fidelity, high-resolution (~10 µm) hydrogels were 3D printed using the SLA-

AM system described in Chapter 2. In a first-of-kind demonstration, enclosed, perfusable 

channels were fabricated using low solids-content (10 wt%) hydrogel precursor solution without 
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the use of viscosifier. In addition to printing 3D low-solids-content hydrogel structures, 3D 

printed stiff hydrogel (~10 MPa) pillar structures are demonstrated with ~10µm resolution into 

which soft (10s kPa) hydrogel precursor solution was back-filled and polymerized. Printing both 

stiff hydrogel pillars to be back-filled and high-resolution, 10 wt% solids content hydrogels 

demonstrates the utility of SLA printing for a wide variety of future regenerative medicine 

applications.  

6.3 Experimental Procedure 

6.3.1 Materials 

Poly(ethylene glycol) dithiol (PEG-dithiol (Sigma Aldrich, MW 1,000 Da), poly(ethylene 

glycol) diacrylate (Sigma Aldrich, MW 700 Da), pentaerythritol tetrakis(3-mercaptopropionate) 

(PETMP, Sigma Aldrich), lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) (Colorado 

Photopolymer Solutions), fluorescent molecules AlexaFluor 546 and AlexaFluor 488 (Sigma 

Aldrich), Tinuvin CarboProtect (BASF), diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide 

(TPO, Sigma Aldrich), and Trypan Blue (Sigma Aldrich) were used as received. 5-norbornene-2-

carboxylic acid (NB) (Sigma Aldrich) was conjugated to poly(ethylene glycol) amine (PEG-

NH2) (JenKem USA, 8arm PEG amine, HCl salt, MW 10,000 Da) at room temperature (RT) 

under an argon purge to produce poly(ethylene glycol) norbornene (PEG-NB). 23 This was done 

by dissolving PEG-NH2 (10 g) in dimethylformamide (DMF) (15mL) and dichloromethane at 1:1 

ratio to which the solution containing 4-molar excess NB (4.42g), 2 molar excess 2-(1H-7-

Azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate methanaminium 

(HATU, AKSci) (9.12g), and 2 molar excess N,N-diisopropylethylamine (DIEA, Sigma) (6.2 g) 

was reacted with for 48 hours. The solution was precipitated in diethyl ether, dialyzed four times 

with diH2O over two days, and lyophilized. The resulting 8-arm PEG-NB product conjugation of 

99% (percentage of NB conjugated PEG arms), referred to herein as PEG-NB. The degree of 

norbornene conjugation was determined by 1HNMR (Bruker AV-III 400) by comparing the area 

under the peak for the allylic hydrogen closest to the norbornene bridged cyclic hydrocarbon 

group (resonance from ~3.1 to 3.2 ppm) to the area under the peak for the methyl groups in the 

PEG backbone (resonance from ~3.4 to 3.85 ppm), see Figure 4.6 for 1HNMR spectrum. 

Macromers were dissolved in phosphate-buffered saline (PBS) (OmniPur, Calbiochem).  
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6.3.2  Sample Preparation 

The 3D printing precursor solution was synthesized by combining 8.55 wt% 10kDa PEG-

NB by mass to phosphate buffered saline and allowed to mix overnight at 3 degrees C. The thiol 

fluorescent tag, AlexaFluor 546, was reacted with PEG-dithiol overnight at 3 degrees C in a 

1:3000 functional group ratio, which ensured the fluorescent tag did not affect the final material 

properties significantly. Immediately prior to photopolymerization, 1.45 wt% 1kDa PEG-dithiol 

was added to the NB solution with 0.05 wt% LAP and 2 wt% Tinuvin CarboProtect (CP) to 

produce an effective 10 wt% macromer concentration. The photoabsorber, Tinuvin CP, was 

added in 2 wt% to ensure polymerization beyond the 20µm layer thickness was negligible and 

thus allowed overhanging structures to be fabricated (Figure 6.1).  

The stiff hydrogel precursor solution consisted of 99.95 wt% PEGDA, 1 wt% PETMP, 

and 0.05 wt% TPO photoinitiator, an equivalent initiator to LAP miscible in PEGDA, to which 

0.1 mM AlexaFluor 546 was added that readily conjugates to PETMP under ambient conditions 

at room temperature. The hydrogel for back-filling the stiff structures was the same formulation 

as the 3D printed 10wt% PEG-thiol-ene hydrogel, except the fluorescent tag AF 488 was used in 

place of AF 546 to provide distinct contrast from the stiff structure AF 546 fluorescence. The 

stiff hydrogel precursor solution consisted of 99.95 wt% PEGDA, 1 wt% PETMP, and 0.05 wt% 

TPO photoinitiator, an equivalent initiator to LAP miscible in PEGDA, to which 0.1 mM 

AlexaFluor 546 was added that readily conjugates to PETMP under ambient conditions at room 

temperature. The hydrogel for back-filling the stiff structures was the same formulation as the 

3D printed 10wt% PEG-thiol-ene hydrogel, except the fluorescent tag AF 488 was used in place 

of AF 546 to provide distinct contrast from the stiff structure AF 546 fluorescence. 
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Figure 6.1 (Left) Depiction of the photoexposure process demonstrating the decrease in 
polymerization as a function of depth due to absorption change in depth. (Right) Photoabsorber 
Tinuvin CarboProtect absorption spectrum, indicating it is relevant for SLA printing at 400 nm.24 

Because both the photoinitiator and the fluorescent tag are sensitive to ambient, white 

light, all solution preparation, printing, post-processing, and sample storage was done under 

>500 nm wavelength lighting. All 3D structures were fabricated using the SLA system described 

in 0 2 with a methacrylate-functionalized glass microscope slide substrate (Cell) to ensure the 

structure polymerized to the substrate. RainX was applied to the photopatterning window to 

prevent sample/window adhesion. Once both substrate and window were in place, a small 

volume (20-30 µL) of precursor solution (for either the stiff or soft hydrogels) was deposited 

onto the sample substrate. The sample was translated vertically until it was ~50-100 µm from the 

window surface (Figure 6.2). This distance served as a baseline from which the structures, with 

user-defined layer thicknesses, were built. As mentioned, the 3D printed soft, thiol-ene hydrogel 

structures were printed using a 20 µm layer thickness, to produce a total structure height of 1.5 

mm tall (75 layers). The stiff PEGDA hydrogel structures were printed using a 50 µm layer 

thickness, with a total height of 300 µm (6 layers). Because the stiff hydrogel structures did not 

require overhanging features, no photo-absorber was used in the precursor formulation.  

The soft 3D printed hydrogels were placed into a bath of DI water for 24 hrs to allow all 

unreacted macromer to diffuse out of the structure. The stiff hydrogels were also placed into a 

bath to remove unreacted material, but because PEGDA 700 is immiscible in water, it was 

placed into a bath of pure ethanol for 24 hrs. Each structure was then removed from the bath 
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containing unreacted material, placed into a fresh bath of DI water, and allowed to swell to 

equilibrium for 24 hr prior to further processing and/or structure characterization. To probe the 

ability to back-fill stiff hydrogel structures, the equilibrium swollen PEGDA structures were 

back-filled with the soft, 10 wt% thiol:norbornene hydrogel precursor solution and then 

polymerized (Figure 6.2). 

 

Figure 6.2 Sample preparation process for photopatterned hydrogel (pillar photo-exposure 
patterns shown). Soft 3D printed hydrogels follow the same procedure as stiff, excluding the 
additional back-filling procedure. 

6.3.3 Confocal fluorescence microscopy 

As discussed in Chapter 5, the samples were imaged using fluorescence confocal 

microscopy with a 10X water immersion objective. Because the microscope image size at 10X 

was much smaller than the total structure size, 30 images were taken and then stitched together 

to produce a complete, 2D cross-section image of the printed hydrogel structures. The structure 

was also imaged in depth by taking a series of images at 10 µm increments to generate a 3D 

fluorescent image of the printed structure because confocal microscopy allows only light 

collected at the focal place to reach the photo-detector. 
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6.3.4 Channel Perfusion 

To demonstrate the ability to fabricate soft hydrogel structures with overhanging features, 

Trypan Blue dye was pipetted into the 3D photopatterned hydrogel structure. To optically 

monitor the perfusion of dye through the printed hydrogel channels, both a Dino-Lite Digital 

Microscope (Dino-Lite) and an 8-megapixel iSight camera (Macintosh) were used. Both features 

with and without overhangs were captured to demonstrate the comparative differences between 

the two structures. 

6.4 Results and Discussion 

6.4.1  3D printed soft, 10 wt% PEG hydrogels 

High-fidelity 3D printed soft (~10 kPa), 10wt% PEG hydrogels with 250 µm enclosed channels 

were printed using the SLA-AM system with ~10 µm resolution (Figure 6.3). The fluorescent 

region indicates photopatterned hydrogel and the enclosed channels are the connected letters CU, 

where slight fluorescence is visible between the channels due to fluorescence from the 100 µm 

hydrogel ceiling encasing the channels.  As discussed in Chapter 5, the enhanced fluorescence at 

photopattern edges indicates diffusion occurring during polymerization. This effect is present in 

the confocal fluorescence images taken of the University of Colorado (CU) Buffalo. Due to the 

fast reaction rate of thiol:norbornene hydrogels, species diffusing into the photopattern react 

within the photopatterned region before they can diffuse out. This allows 10 wt% precursor 

solution to be SLA 3D printed with pixel-limited resolution, which is observed Figure 6.3 inset 

image, where characteristic diamond DMD pixel edges are visible. This result highlights the 

importance of precursor solution choice because the rate of polymerization greatly affects the 

final structure resolution (i.e., fast thiol:norbornene reaction chemistry enables finely resolved 

features).  
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Figure 6.3 3D printed PEG hydrogel with visible, encased channels indicated slight fluorescent 
shading over the CU and (inset) visible DMD pixels photopatterned into the 3D structure, with 
arrows highlighting the distinguishable pixels. 

To further verify the presence of encased channels beyond the confocal fluorescence 

images, Trypan Blue was perfused through the CU Buffalo channels. Taken as a time-lapse 

image series, the dye is injected at a rate of ~5 µL/s beneath the buffalo at t=0s after which it 

takes 2.05s for the dye to perfuse the length of all channel. The dye rapidly (~0.3s) traverses 

through the path of least resistance, through the edge of the C-U channel, and then slowly 

diffuses into the remainder of the C-U channels, which required an additional 1.75 seconds to 

completely perfuse (Figure 6.4). The rate of perfusion variation is because perfusion of liquid 

through an enclosed, no-outlet channel (e.g., the ends of the ‘C’) is less energetically favorable 

than perfusion through channels with an outlet (e.g., the bottom edge of the ‘U’).25  
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Figure 6.4 Perfusion of Trypan Blue dye through a 3D printed PEG hydrogel CU Buffalo with 
channels, snapshots taken from Dino-Lite video footage. Full perfusion of Trypan Blue dye 
requires 2.05s to travel through the 250µm width channels. 

Comparing the un-perfused hydrogel channels to the final, perfused channels further 

verifies of the presence of a thin, hydrogel layer encasing the C-U channel. At t=0, the channels 

have a concave surface curvature, as indicated by the surface reflections showing an offset 

between the channel edges and the channel center that is representative of a depressed feature 

(Figure 6.5).26,27 Conversely, at t=2.05s, the channels are fully perfused and swollen, effectively 

causing the top surface of the hydrogel to bow outward or convexly, as indicated, again, by the 

surface reflections that are representative of a raised, convex feature (Figure 6.5).26,27 Because 

the photopatterned C-U channel ceiling is ~100 µm thick and is fabricated using 10 wt% solids 

content hydrogel, it swells and shrinks rapidly (~2s), while thick (~500 µm) and/or higher 

crosslinking density channel ceilings do not experience the same deflection.15 Additionally, the 

dye used does diffuse into the PEG-NB-thiol hydrogel, as shown in the buffalo rear, left ‘foot’, 

but because it occurs at a slower rate than the time required to observe full perfusion, it is 

negligible (Figure 6.4). 
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Figure 6.5 Image demonstrating the deflection of the enclosed channel, where the left image, 
taken at t=0s, shows the channel ceiling in a concave conformation indicated by the concave 
surface reflections (red arrow). The right image is taken at t=2.05s where the ceiling is convex, 
as indicated by the convex surface reflections (red arrow). The scale bar indicates 250 µm. 

To probe how channel perfusion is affected by the presence of a channel ceiling, the same 

CU Buffalo channels were printed (20µm layers, 1.5 mm tall) without an encasing ceiling. 

Keeping all perfusion conditions constant (i.e., solution=Trypan Blue, velocity = ~5µL/s) 

channels printed without a ceiling perfused four times faster than those with encased channels 

(Figure 6.6). A possible explanation for this significant difference is that open channels can 

replace any remaining DI water within the channels more rapidly than the enclosed channels 

because they do not have a barrier applying opposing pressure to the diffusing/perfusing solution 

(i.e., ceiling concavity with perfusion). Patterning regions of enclosed channels versus open 

channels will enable precise control of perfusion velocity and is the subject of future work. 

 

 

Figure 6.6 Perfusion of Trypan Blue through 3D printed PEG hydrogel CU Buffalo without 
channel ceilings, snapshots taken from using iSight camera. Full perfusion through channels 
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required only 0.55s, a duration 4X shorter than that of enclosed channels. Scale bar equivalent to 
500 µm.  

SLA 3D printed 1.5mm tall 10 wt% hydrogel structures with pixel-limited resolution 

were made possible due to a non-stick, RainX window. No adhesion to the RainX window was 

observed for the soft, thiol-ene hydrogels. This is attributed to the high water, low solids content 

of the printing precursor solution that effectively reduces the surface area to fraction of the total 

print area (~10%), reducing adhesion between the patterned hydrogel and the window. Though 

the structures presented here required 75 layers, similar structures were printed with > 300 layers 

with no window failure observed. 

6.4.2 3D printed stiff PEGDA hydrogels 

3D printed stiff, PEGDA hydrogel pillars (diameter=100µm) were fabricated and then back-

filled with soft, 10 wt% hydrogel, demonstrating the versatility of the SLA-AM patterning 

system (Figure 6.7). The final structure was ~400 µm tall with 6, 50 µm layers and an ~100 µm 

reference layer (lattice pattern shown in Figure 6.2) from which the pillars were built. Confocal 

images were taken before and after back-filling, where the non-backfilled structures are shown in 

red, and the soft, hydrogel structure is shown in green (Figure 6.7). The tilted view of the back-

filled pillars is a view from the bottom/side of the structure, which demonstrates the ability to 

homogenously back-fill the printed hydrogel structures. The tilted view of the pillars without 

back-fill depict a view from the top/side of the structure, demonstrating pillar symmetry. 
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Figure 6.7 (Left) Stiff 100 µm diameter PEGDA pillars with AF546-tagged thiol (top view and 
tilted view) and (right) the same pillars back-filled with 10 wt% PEG-NB-dithiol hydrogel with 
AF488 tagged thiol to demonstrate hydrogel back-filling capabilities. 

Unlike the 10 wt% hydrogels, the stiff PEGDA structures did adhere to the nonstick 

RainX window after 7+ layers. This is attributed to the high solids content precursor solution, 

which allowed 100% of the print area to adhere to the window surface. With each patterned 

layer, the adhesive force between the structure and the window removed portions of the silane 

coating until, after 7 layers, the sample adhered to the surface due to low nonstick silane 

concentration. To overcome this issue, the subject of future work is a poly dimethyl siloxane 

(PDMS) window through which oxygen can diffuse into the precursor solution, inhibiting the 

polymerization reaction, which is demonstrated for similar applications.28–30 
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6.5 Conclusion   

3D SLA printed structures were demonstrated with pixel-limited resolution (~10 µm) and 

overhanging features using a range of precursor solutions to produce elastic moduli hydrogels 

ranging from 10s kPa to 10s MPa. The encased 3D printed channels demonstrate the utility of 

this technique for regenerative medicine because it enables precise control of hydrogel physical 

and chemical properties, while maintaining a viable cellular environment. Because the hydrogels 

printed here are affected by local water concentration, perfused channel ceilings became bowed 

when they were fully perfused. This effect can be harnessed as a switching mechanism in 3D to 

control nutrients or drug delivery using a passive perfusion system to open and/or close the 

delivery channel. Conversely, this effect can be removed using precursor solution that produces a 

higher crosslinking density hydrogel, decreasing the swelling ratio, or by tuning the matrix 

chemistry to produce a network that is unaffected by local water concentration variations. 

 In addition, controlling the location of outlet ports and ‘dead-ends’ within the encased 

hydrogel network also provide a mechanism to control nutrients and/or drugs delivery at a pre-

determined rate. By understanding the perfusion rate and diffusion rate of a given solution 

through the 3D printed hydrogel network, a channel-system can be designed to deliver solutions 

to a predefined site within the perfusion network at a predefined time. For these reasons, this is a 

powerful fabrication technique for regenerative medicine studies that require a pre-determined 

rate and precise location of drug and/or pathogen delivery, which is suggested future work. 
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Chapter 7 - Conclusions and Recommendations 

7.1 Conclusions 

This thesis advances tissue engineering technologies by developing and characterizing a 

technique to fabricate cytocompatible hydrogel structures with locally defined mechanical and 

chemical properties. The current state of the art to fabricate tissue engineering constructs with 

spatially defined mechanical properties uses nozzle-based three-dimensional (3D) printing due to 

its ability to print with multiple materials.1–3 However, the constraints on ink-jet 3D printing 

limit its use to include printing solely shear-thinning materials that are dispensed through a 

nozzle, which limits fabrication resolution to >10s µm. The printing throughput is also 

constrained because cell-laden precursor materials cannot be extruded at forces greater than the 

cells can sustain, which limits the speed of printing.1 Stereolithography (SLA) does not have 

these restrictions and can exploit the diffusivity of low solids content cytocompatible hydrogels 

and photopolymerization to produce locally defined mechanical and chemical properties, which 

is demonstrated in Chapters 3-4.  

 Chapter 2 presents the fundamentals of SLA 3D printing, which demonstrates the 

complexity of photopatterning low solids content systems because diffusion can occur during 

photopolymerization. This diffusion and subsequent reaction can reduce photopattern fidelity if 

the chosen printing resin does not compensate for this effect. A custom SLA 3D printer was 

designed and built to enable cytocompatible materials to be photopatterned, which enabled all 

photopatterning work presented in this thesis.  

 Chapter 3 demonstrates the ability to fabricate hydrogels with variable mechanical 

properties using a single precursor solution, where over an order of magnitude increases in 

compressive modulus and toughness were achieved. This technique isolated diffusion/swelling 

transport kinetics from the photopolymerization kinetics by determining the hydrogel mechanical 

properties in bulk versus in the photopatterning environment. Although this method is 

demonstrated for a single photochemistry and macromer solution, it is readily applied to any 

precursor solution that is polymerizeable and can be diffused or swollen with new materials, 

which expands the utility of cytocompatible materials used in regenerative medicine.  
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The technique developed in Chapter 3 was applied to the custom SLA photopatterning 

system (Chapter 2), to photopattern hydrogels with locally enhanced elastic moduli in Chapter 4. 

A 500% increase in elastic modulus was demonstrated for ~26µm features using, again, a single 

precursor solution. The ability to pattern the local concentration of different chemical species 

(i.e., thiol macromer), not only enabled photopatternable mechanical properties, but can extend 

to include photopatterning a range of chemical cues to probe cellular development.4 

The photopatterning model presented in Chapter 5 advances the field of 3D printing 

cytocompatible materials by predicting the relationship between the complex photopatterning 

environment of low solids content, hydrogel materials and the final photopatterned structure 

fidelity. This work demonstrates the ability to predict, with 90% confidence, the width of 

diffusion-reaction features that enhance both mechanical properties and chemical concentrations 

at the edges of photopatterns. This model provides the framework to either exploit or remove 

these features when photopatterning low solids content hydrogels. 

This work further advances the field of 3D printing by demonstrating, for the first time, 

SLA 3D printing of 10 wt% solids content hydrogel scaffolds with pixel-limited resolution (~10s 

µm) using a custom-built SLA printer (SLA-AM). The state of the art in printing hydrogels using 

SLA utilizes precursor solutions with >15wt% solids content with a maximum reported 

transverse resolution of ~100 µm with a minimum overhanging feature size of ~ 500 mm.5–8 The 

ability to photopattern perfusable 10 wt% hydrogel networks with 250µm channel widths and 

~10 µm resolution using a custom SLA system therefore extends considerably beyond the 

current state of the art.  

7.2 Recommendations 

The findings in this thesis demonstrate the importance of understanding the complex 3D 

photopatterning environment in hydrogel systems to fabrication fidelity and mechanical property 

control. This thesis provides the foundation for future SLA 3D printing of cytocompatible 

hydrogels by addressing the most significant factors when photopatterning low solids content 

hydrogels and using them to model the ability to print high fidelity hydrogel constructs with 

photopatterned mechanical properties.  To build from this research the following studies are 

recommended.  
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7.2.1 Photopatterned hydrogel without differential swelling 

Chapter 5 demonstrated the presence of reaction-induced differential swelling. It also 

presented a series of criteria that, if met, will yield high-fidelity structures without the enhanced 

crosslinking at the photopattern edge, induced by diffusion-limited reaction. The three identified 

criteria were as follows: (1) exposure times must be shorter than the propagation time to ensure 

features do not swell during photopatterning; and to eliminate the build-up of species at the 

photopattern edges (2) the total species conversion must be reduced or (3) diffusion rate and 

polymerization time must be significantly different. Developing a quantitative relationship 

between these criteria using a series of different photopatternable materials (e.g., varied wt% 

hydrogels, varied molecular weight macromers, etc.) using SLA, is recommended. With a robust 

understanding of how reaction-induced differential swelling affects photopatterned hydrogels, a 

structure with fully defined mechanical and chemical properties can be fabricated. 

7.2.2 3D hydrogel microfluidics  

As demonstrated in Chapter 6, encased 3D hydrogel channels are sensitive to the channel 

orientation, where channels with no outlet experience slower perfusion rates than those with 

outlets, and fluid flow, where the ceiling of encased channels is sensitive to perfusion. These 

properties can be harnessed to develop 3D microfluidic devices that are fabricated with 100% 

cytocompatible material.  Devices with this control will enable body-on-a-chip applications 

where a drug and/or pathogen is perfused through the 3D cell-laden microfluidic device with 

precise control of the rate at which each cell type encounters the solution in question.9 

7.2.3 Variable modulus 3D hydrogel  

Applying the techniques presented in Chapter 4 and 6 to fabricate a variable modulus 3D printed 

hydrogel is highly recommended due to the potential impact on the regenerative medicine 

community. Extending beyond the two-dimension photopatterns demonstrated in Chapter 4 to 

3D will allow for user-defined mechanical properties within a cytocompatible structure. This 

capability is a gateway to fabricate diverse constructs for tissue engineering. With the 

incorporation of a biodegradable component into the printing precursor solution, constructs with 

defined 3D mechanical properties will enable studies in cellular response to 3D engineered 

extracellular matrices.  
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